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MODULAR NUCLECACID-BASED 
CIRCUITS FOR COUNTERS, BINARY 
OPERATIONS, MEMORY AND LOGIC 

CROSS REFERENCE TO RELATED 5 
APPLICATIONS 

This application is a 35 U.S.C. S371 National Phase Entry 
Application of International Application No. PCT/US2009/ 
069288 filed Dec. 22, 2009, which designates the United 10 
States, and which claims benefit under 35 U.S.C. S 119(e) of 
U.S. Provisional Patent Application Ser. No. 61/139,958 filed 
on Dec. 22, 2008, the contents of which are incorporated 
herein in their entirety by reference. 15 

GOVERNMENT SUPPORT 

This invention was made with Government Support under 
Contract No. OD003644 awarded by the National Institutes 
of Health. The Government has certain rights in the invention. 20 

SEQUENCE LISTING 

The instant application contains a Sequence Listing which 
has been submitted via EFS-Web and is hereby incorporated 
by reference in its entirety. Said ASCII copy, created on Dec. 
17, 2009, is named 70158606.txt, and is 280,108 bytes in size. 

25 

FIELD OF THE INVENTION 
30 

The present invention relates to engineered genetic 
counters and methods for uses thereof. 

BACKGROUND OF THE INVENTION 
35 

Circuits and circuit designs are typically based on electri 
cal and electronic components and properties and are useful 
for a variety of functions. An electrical circuit is an intercon 
nection of electrical elements, such as resistors, inductors, 
capacitors, transmission lines, Voltage sources, current 40 
Sources, and Switches, and when it also contains active elec 
tronic components is known as an electronic circuit. Elec 
tronic circuits can usually be categorized as analog, digital or 
mixed-signal (a combination of analog and digital) electronic 
circuits. The basic units of analog circuits are passive (resis- 45 
tors, capacitors, inductors, and memristors) and active (inde 
pendent power sources and dependent power sources). Com 
ponents such as transistors may be represented by a model 
containing passive components and dependent Sources. In 
digital electronic circuits, electric signals take on discrete 
values, which are not dependent upon time, to represent logi 
cal and numeric values. These values represent the informa 
tion that is being processed. The transistor is one of the 
primary components used in discrete circuits, and combina 
tions of these can be used to create logic gates. These logic 
gates may then be used in combination to create a desired 
output from an input. 

In contrast, while some biological circuits have been devel 
oped, the utility of these circuits has been minimal, and it has 
been difficult to replicate the versatility and flexibility of 60 
standard electronic circuits. Such biological circuits have 
primarily utilized protein components to represent the state of 
memory of the cell. Such protein-based biological circuits are 
difficult to maintain and are unstable, as they require continu 
ous protein expression. When compared to electronic circuits, 65 
such protein-based systems resemble DRAM (dynamic ran 
dom access memory), which encodes Volatile memory and 

50 

55 

2 
requires power to maintain its state. Furthermore, Such pro 
tein-based systems are not scaleable for use in biological 
circuits. Unlike electronic circuits, in which wires between 
physically separated components allow for spatial address 
ing, it is generally not possible to reuse the same biological 
component in protein-based systems. Hence, it becomes nec 
essary to have different “parts” for every operation of the 
circuit, even for relatively elementary operations. Also, 
implementing all the parts necessary for Such operations into 
a cell can place large energetic requirements on a cell. Finally, 
in such protein-based systems the various “states' of the 
circuit are encoded in transient chemical concentrations and 
cannot be maintained after cell death and cannot be easily 
transferred from one cell to another. 

There is hence interest in the development and design of 
modular biological parts for the use in the development of 
biological circuitry. The development of biological systems 
in which the output depends both on the current inputs, as 
well as the input history, is a key requisite for complicated 
computation and information storage. Such biological cir 
cuitry can be used for a variety of purposes, including but not 
limited to, detection of cancers and toxins, counting of events, 
the design of biological computers, and the coding and read 
ing of DNA fingerprints for engineered organisms. 

SUMMARY OF THE INVENTION 

We have created novel engineered genetic counter designs 
and methods of use thereofthat utilize DNA recombinases to 
provide modular systems, termed single invertase memory 
modules (SIMMs), for encoding memory in cells and cellular 
systems. Our designs are easily extended to compute to high 
numbers, by utilizing the >100 known recombinases to create 
Subsequent modules. Flexibility in our engineered genetic 
counter designs is provided by daisy-chaining individual 
modular components, i.e., SIMMs together. These modular 
components of the engineered genetic counters can be com 
bined in other network topologies to create circuits that per 
form, amongst other things, logic and memory. 

Provided herein are modules that constitute a stable swit 
chable bit of memory, termed as a Single Invertase Memory 
Module (SIMM), and engineered genetic counters compris 
ing such SIMMs. One key improvement of the engineered 
genetic counters described herein over other described syn 
thetic biological systems is the lack of both “leakiness” and 
mixtures of inverted and non-inverted States that is caused by 
expressing the recombinases independently from their cog 
nate recognition sites. Thus, our novel engineered genetic 
counter designs allow for the maintenance of memory and 
provide the ability to count between discrete states by 
expressing the recombinases between their cognate recogni 
tion sites. Such SIMMs can further comprise additional com 
ponents to enhance the ability to regulate and control the 
activity of a SIMM, such as ribosome binding sites, transcrip 
tional terminator sequences, and protein degradation tag 
Sequences. 

Provided herein are engineered genetic counter designs 
and their uses in cellular and non-cellular systems. These 
engineered genetic counters are extensible, highly modular 
and can function with a variety of combinations of various 
component parts, such as inducible promoters and recombi 
nases. Depending on the combinations of promoters used in 
the engineered genetic modules described herein, an engi 
neered genetic counter can be used with a single inducer or 
with multiple inducers. Depending on the type of inducible 
promoters utilized, the engineered genetic circuits described 
herein can be used to enumerate physiological events and 
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stimuli. Such as activation of gene networks or exposure to 
nutrients, toxins, or metabolites. 
The single inducer engineered genetic counters described 

herein can be used for counting multiple independent expo 
Sures to a single type of inducer, Suchasarabinose. Thus, Such 
single inducer counters can be used to detect multiple expo 
Sures to a single biological agent or inducer, such as a toxin. 
Such single inducer engineered genetic counters comprise an 
inducible promoter sequence (iP), at least one SIMM, and an 
output gene sequence (OP). In such single inducer engineered 
genetic counters, the inducible promoter of the counter and 
the inducible promoters of each SIMM respond to the same 
inducing or biological agent. 
The multiple inducer engineered genetic counters 

described herein can be used to distinguish multiple input 
signals occurring in a specific order, Such that output gene 
expression occurs only when a certain number of signals in a 
specific order are received by the counter. Such multiple 
inducer engineered genetic counters comprise an inducible 
promoter sequence (iP), at least one SIMM, and an output 
gene sequence (OP). In Such multiple inducer engineered 
genetic counters, at least two inducible promoters in the 
counter respond to different input signals or biological 
agents. Further flexibility in the design of Such counters can 
be provided by adding additional components such as ribo 
Some binding sites, transcriptional terminator sequences, and 
protein degradation tag sequences. For some uses, the 
counters can further comprise an output gene sequence within 
a SIMM, thus allowing the regulation of individual output 
genes within a SIMM based on the state of the SIMM and the 
activity of the recombinase encoded by that SIMM. 
The engineered genetic counters described herein can fur 

ther be used in cellular or non-cellular systems to allow count 
ing of events or input signals within Such systems. The input 
signal can be an external event or input, Such as the presence 
ofa biological agent in the media or environment Surrounding 
the cellular or non-cellular system. The input signal or event 
can also occur within the cellular or non-cellular system, Such 
that the engineered genetic counter is counting events within 
the cellular or non-cellular system, Such as the activation of 
certain genes or proteins, or the number of divisions occur 
ring within a cellular or non-cellular system. Examples of 
non-cellular systems include, but are not limited to, phages, 
viruses. Cell extracts, and can bein, for example, a test tube or 
cell culture dish. Accordingly, described herein are methods 
of counting events or inputs occurring within or to a cellular 
or non-cellular system. Such methods comprise, for example, 
introducing an engineered genetic counter described herein 
into a cellular system using a vector, such as a bacterial 
artificial chromosome (BAC). The engineered genetic 
counters can also be introduced by directly integrating the 
nucleic acid sequence encoding the counter into chromo 
Somes of a cellular system. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 depicts a single-inducer DIC 3-Counter construct 
design and results. FIG. 1A shows that a single-inducer DIC 
3-Counter is built by cascading SIMMs. FIG. 1B depicts 
mean fluorescence of single-inducer DIC 3-Counter cell 
populations over time, measured by a flow cytometer. FIG. 
1C depicts GFP fluorescence ratios between a single-inducer 
DIC 3-Counter exposed to three pulses of arabinose (N) ver 
sus two pulses of arabinose (N-1), with varying arabinose 
pulse lengths and intervals. 

FIG. 2 depicts a multiple-inducer DIC3-Counter construct 
design and results. FIG. 2A depicts a multiple-inducer DIC 
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4 
3-Counter where each promoter is a unique inducible pro 
moter: Pro-1, Paulo, and Pio that respond to anhydrotet 
racycline (aTc), arabinose, and IPTG, respectively. FIG. 2B 
shows mean fluorescence of multiple-inducer DIC3-Counter 
cell populations over time, measured by a flow cytometer. 
FIG. 2C depicts flow cytometry population data showing a 
multiple-inducer DIC 3-Counter when exposed to its desired 
sequence of three inducers and to single inducers only. FIG. 
2D depicts flow cytometry population data showing a mul 
tiple-inducer DIC 3-Counter when exposed to its desired 
sequence of three inducers and to all pairwise permutations of 
inducers. 

FIG. 3 depicts a schematic design of a Single Invertase 
Memory Module (SIMM) used in the DIC counters. The 
SIMMs are composed of opposing recombinase recognition 
sites (R, and R.) which contain between them an inverted 
promoter (P), a synthetic ribosome-binding-sequence 
(RBS), a recombinase gene (rec), an SSrA-based degradation 
tag, and a transcriptional terminator (Term). The SIMM 
maintains memory based on its DNA orientation, which can 
be inverted when the recombinase is expressed. 

FIG. 4 shows a single-inducer DIC 2-Counter plasmid. 
Genes are denoted by arrows within the plasmid circle, pro 
moters by arrows on the plasmid circle, transcriptional termi 
nators by light rectangles, SSrA-based degradation tags by 
darker rectangles, and recombinase recognition sites by rect 
angles of other shades. 

FIG. 5 shows a single-inducer DIC 3-Counter Plasmid. 
Genes are denoted by arrows within the plasmid circle, pro 
moters by arrows on the plasmid circle, transcriptional termi 
nators by light rectangles, SSrA-based degradation tags by 
darker rectangles, and recombinase recognition sites by rect 
angles of other shades. 

FIG. 6 depicts a single-inducer DIC 2-Counter construct 
design and results. FIG. 6A shows that a single-inducer DIC 
2-Counter is characterized by a single Single Invertase 
Memory Module (SIMM) with P as the inducible 
upstream promoter and inducible inverted promoter within 
the SIMM. FIG. 6B shows the mean fluorescence of single 
inducer DIC 2-Counter cell populations over time, measured 
by a flow cytometer, and demonstrates a significant increase 
in GFP fluorescence after exposure to two pulses of arabi 
nose. FIG. 6C shows the mean fluorescence of single-inducer 
DIC 2-Counter cell populations over time, measured by a 
flow cytometer, and demonstrates that cells grown with no 
inducer for 9 hours followed by a single pulse of arabinose 
lasting 7 hours did not show significant GFP expression. 
Mean fluorescence was normalized against the maximum 
fluorescence for cells obtained in FIGS. 6B and 6C in order to 
allow comparison between the two plots. 

FIG. 7 shows flow cytometry population data for a single 
inducer DIC 3-Counter exposed to zero, one, two, or three 
pulses of arabinose. Each arabinose pulse was 8 hours long 
and spaced by 9 hours of no arabinose exposure. The data 
demonstrate that there is no leakage with one pulse (Ara' in 
the legend), a small degree of leakage with two pulses 
('Ara >Ara' in the legend), and a large degree of activation 
after three pulses (Ara=>Ara=>Ara' in the legend). 

FIG. 8 depicts a multiple-inducer DIC 3-Counter Plasmid. 
Genes are denoted by arrows within the plasmid circle, pro 
moters by arrows on the plasmid circle, transcriptional termi 
nators by light rectangles, SSrA-based degradation tags by 
darker rectangles, and recombinase recognition sites by rect 
angles of other shades. 

FIG.9 depicts that switching times for each SIMM stage in 
the multiple-inducer DIC 3-Counter were examined by vary 
ing the length of exposure to either anhydrotetracycline or 
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arabinose while holding all other inputs constant (aTc fol 
lowed by Arafollowed by IPTG). When not being varied, aTc 
and Ara pulses were 18 hours in duration and IPTG pulses 
were 12 hours in duration. The last input to the multiple 
inducer DIC 3-Counter, IPTG, does not drive an invertase 
stage and directly induces the transcriptional GFP output of 
the system. FIG. 9A shows that a first SIMM stage responds 
to aTc within 6 hours of exposure. Very long aTc exposure 
times did not result in increased GFP fluorescence. FIG. 9B 
shows that a second SIMM stage begins to respond to Ara 
within 9 hours of exposure. Very long arabinose exposure 
times did not result in increased GFP fluorescence. 

FIG. 10 depicts model predictions of the fluorescence out 
put of n-node RTC Counters in response to n, n-1, and n-2 
arabinose pulses. In FIG. 10A, the numbers on the x-axis 
represent counters with n nodes, and for each counter the 
fluorescence output was plotted due to n,n-1, and n-2 pulses. 
The best-fit parameter values are used in this figure, the same 
as those used for FIG. 2. FIG. 10B is similar to FIG. 10A, 
except that the GFP protein half-life has been reduced from 
231 minutes to 8 minutes. 

FIG. 11 depicts a synthetic pulse generator that can work 
with a broad range of engineered nucleic acid-based circuits 
to provide pulse generation and edge detection. FIG. 11A 
shows that upon addition of an inducer, the synthetic counter 
circuit starts to transcribe its genes, and at the same time, the 
synthetic pulse generator produces a repressor protein. As 
illustrated in FIG. 11B, once enough repressor protein is 
produced by the synthetic pulse generator, transcription from 
the inducible promoter is shut down even in the presence of an 
inducer. 

DETAILED DESCRIPTION 

We have discovered a nucleic acid-based circuit utilizing 
DNA recombinases that provides a modular system for 
encoding memory in cells. Our design is easily extended to 
compute to high numbers, by utilizing the >100 known 
recombinases to create subsequent modules. Flexibility in our 
nucleic acid-based circuit designs is provided by daisy-chain 
ing individual modular components together and utilizing 
combinations thereof. These modular components of the 
engineered nucleic acid-based circuits or engineered genetic 
circuits are combined in other network topologies to create 
circuits that perform, amongst other things, logic and 
memory. 

While researchers in synthetic biology have developed 
engineered biological devices that have interesting and well 
modeled characteristics (E. Andrianantoandro, Mol Syst Biol 
2, 2006.0028 (2006)), many problems exist in the utility of 
these devices for performing complex computations and 
information storage. We have discovered that operations on 
DNA can change the state of a biological circuit in a discrete, 
Boolean-like fashion, and Such states can be maintained with 
out constant energetic input and can persist after cell death. 
Since the state is encoded in the DNA, it can be inherited and 
can be transferred through mechanisms of inter-cell DNA 
transfer, Such as conjugation. 
We designed our engineered nucleic acid-based or genetic 

circuits using nucleic acid-based Switches instead of the tra 
ditionally protein-based systems for several reasons. One 
example of protein-based memory that can be cascaded to 
create a counter is the toggle switch (T. S. Gardner, Nature 
403,339 (2000)). The toggle switch requires well-character 
ized repressors to work properly and is thus much more 
complicated and more cumbersome than our design, as pre 
sented herein. Each of the individual modules of our engi 
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6 
neered nucleic acid-based or genetic circuits requires only a 
single recombinase, whereas protein-based Switches utilize 
two proteins (T. S. Gardner, Nature 403, 339 (2000)). Our 
nucleic acid-based circuit or engineered genetic circuit 
designs can be extended readily in a modular fashion with 
currently known components. Furthermore, our nucleic acid 
based system can be used for long periods of time without 
needing to maintain active transcription and translation of the 
circuit because our circuit is stable in the absence of inducers. 
In one embodiment, the engineered nucleic acid-based circuit 
does not include a toggle Switch. 
Our invention provides, in part, core modules for engi 

neered nucleic acid-based circuits that can be used for a 
variety of synthetic circuits and in a modular way to construct 
memory units. Examples of Such synthetic circuits include, 
but are not limited to, counters, memory, adders, etc. The 
strength of our modular circuit designs lie in their simplicity, 
modularity, and extensibility with different recombinase pro 
teins. Therefore, such circuit designs can be used in different 
means to create basic digital logic in cells. 

In one embodiment, the individual modular units used in a 
genetic counter can be decoupled to each representa single bit 
in an engineered memory system rather thana counter. In one 
embodiment, a pulse generator for the generation of tran 
Scriptional pulses is provided that is readily designed by 
modifying individual modular units to perform inversion 
events continuously. In some embodiments, the engineered 
nucleic acid-based circuits and engineered genetic counters 
described herein essentially comprise AND gates that enforce 
a particular sequence of inputs. In other embodiments, the 
design is a cis-based counting system that requires physical 
proximity of individual counting units for counting transi 
tions. In other embodiments, further functionality, including 
digital-logic-based computation, is incorporated by adding 
trans-acting components for coupling to other circuits (K. 
Rinaudo, Nat Biotechnol 25, 795 (2007)). In other embodi 
ments, the engineered nucleic acid-based circuits can be 
coupled to quorum-sensing circuits to create a consensus 
based counting system. 
The ability to count inputs in individual cells is useful for 

engineering biological organisms and performing basic sci 
entific experiments. Accordingly, described herein are uses of 
engineered genetic counters in cellular and non-cellular sys 
tems, and methods of counting events in cellular and non 
cellular systems through the introduction of engineered 
genetic counters. In a non-limiting example, engineered bac 
teria can be designed to count exposures to environmental 
agents, such as toxins or pollutants, and trigger an output, 
Such as population control, only whena discrete threshold has 
been reached. A yeast cell-cycle counter has been developed 
to facilitate cell-cycle research (C. M. Ajo-Franklin, Genes 
Dev 21, 2271 (2007)). Mammalian cells that carry counters 
can help elucidate the sequence and number of mutations 
needed to produce cancer cells. 
Recombinases and Recombination Recognition Sequences 

Described herein are modules that constitute a stable swit 
chable bit of memory, termed as a Single Invertase Memory 
Module (SIMM), and engineered genetic counters compris 
ing such SIMMs. An improvement of the engineered nucleic 
acid-based circuits described herein over other described syn 
thetic biological systems is the lack of both “leakiness” and 
mixtures of inverted and non-inverted States that is caused by 
expressing the recombinases independently from their cog 
nate recognition sites. Thus, our invention allows for the 
maintenance of memory and the ability to count between 
discrete states by expressing the recombinases between their 
cognate recognition sites. 
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The recombinases in the engineered nucleic acid-based 
circuits and engineered genetic counters described herein, are 
expressed between their cognate recognition sites recombi 
nase recognition site-recombinase-recombinase recogni 
tion site,). As a result, upon recombinase expression follow 
ing activation of an upstream promoter, the recombinase 
causes a single inversion of the DNA between the cognate 
recognition sites, including its own DNA sequence (i.e., 
recombinase recognition site-inverted recombinase-re 
combinase recognition site,). Any further transcription 
from the upstream promoter yields antisense RNA of the 
recombinase gene rather then sense RNA, and therefore no 
further recombinase protein will be produced. Thus, the 
inversion event is discrete and stable and does not result in a 
mixture of inverted and non-inverted states. 
As described herein, the engineered nucleic acid-based 

circuits and engineered genetic counters can use any recom 
binase for encoding memory, rather than only unidirectional 
recombinases, allowing greater flexibility and practicality. In 
Some embodiments, the recombinase is encoded between its 
cognate recombinase recognition sequences. In some 
embodiments, the recombinase is encoded outside of its cog 
nate recombinase recognition sequences. In Such embodi 
ments, where the recombinase is encoded outside of its cog 
nate recombinase recognition sequences, the engineered 
nucleic acid-based circuit or engineered genetic counter can 
be used, for example, as a waveform generator or an analog 
to-digital converter, where the inputs that lead to recombinase 
expression results in constant inversion between the recom 
binase recognition sequences and can be used to generate 
pulses of output products, such as a fluorescent protein. 
The advantages of the use of recombinases that mediate 

site-specific inversion for use in the various aspects of the 
invention are the binary dynamics, the sensitivity of the out 
put, the efficiency of DNA usage, and the persistence of the 
DNA modification. A “recombinase', as defined herein, is a 
site-specific enzyme that recognizes short DNA sequence(s), 
which are typically between about 30 bp and 40 bp, and 
mediates the recombination between these recombinase rec 
ognition sequences that results in the excision, integration, 
inversion, or exchange of DNA fragments. 

Recombinases can be classified into two distinct families, 
the integrase and invertase/resolvase families, based on dis 
tinct biochemical properties. Members of the integrase family 
cleave one strand of each of the two DNA molecules involved, 
then exchange this strand, and Subsequently cleave the sec 
ond DNA strand. Integrase family recombinases use a con 
served tyrosine residue to establish a transient covalent bond 
between the recombinase and the target DNA. Members of 
the invertase/resolvase family of recombinases cleave all 4 
DNA strands and then exchange them, and initiate DNA 
cleavage by utilizing a serine residue as the catalytic residue. 
Recombinases have been used for numerous standard bio 
logical applications, including the creation of gene knockouts 
and the solving of sorting problems (N. J. Kilby, Trends 
Genet. 9, 413 (December, 1993); K. A. Haynes, J Biol Eng2, 
8 (2008); T. S. Ham, Biotechnol Bioeng 94, 1 (2006); K. A. 
Datsenko, Proc Natl Acad Sci USA97, 6640 (2000)). 

Inversion recombination happens between two short 
inverted repeated DNA sequences, typically less than 30 bp 
long. The recombinases bind to these inverted repeated 
sequences, which are specific to each recombinase, and are 
defined herein as “recombinase recognition sequences” or 
“recombinase recognition sites. Thus, as used herein, a 
recombinase is “specific for a recombinase recognition 
sequence when the recombinase can mediate an inversion 
between the inverted repeat DNA sequences. As used herein, 
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8 
a recombinase can also be said to recognize its “cognate 
recombinase recognition sites.” A DNA loop formation, 
assisted by DNA bending proteins, brings the two repeat 
sequences together, at which point DNA cleavage and liga 
tion occur. This reaction is ATP independent and requires 
supercoiled DNA. The end result of such an inversion recom 
bination event is that the stretch of DNA between the repeated 
site inverts, i.e., the stretch of DNA reverses orientation, such 
that what was the coding Strand is now the non-coding strand 
and vice versa. In such reactions, the DNA is conserved with 
no net gain or no loss of DNA. 
The recombinases provided herein are not meant to be an 

exclusive listing. Other examples of recombinases that are 
useful in the modules and engineered genetic counters 
described herein are known to those of skill in the art, and 
furthermore, any new recombinase that is discovered or gen 
erated can be used in the different embodiments of the inven 
tion. 

In some embodiments, the recombinase comprises the 
sequence of Cre recombinase of Pubmed Gene ID #277747, 
and the corresponding loXP recombinase recognition 
sequences comprise the sequences of ATAACTTCGTATA 
GCATACAT TATACGAAGTTAT (SEQ ID NO: 1) or 
ATAACTTCGTATA ATGTATGC TATACGAAGTTAT 
(SEQID NO:2). 

In some embodiments, the recombinase is Flp recombinase 
comprising the sequences of GenBank ID U46493 or 
NC 001398. In another embodiment, the recombinase is an 
enhanced Flp recombinase that comprises the sequence: 

(SEQ ID NO : 3) 
ATGAGCCAATTTGATATATTATGTAAAACACCACCTAAGGTCCTGGTTCG 

TCAGTTTGTGGAAAGGTTTGAAAGACCTTCAGGGGAAAAAATAGCATCAT 

GTGCTGCTGAACTAACCTATTTATGTTGGATGATTACTCATAACGGAACA 

GCAATCAAGAGAGCCACATTCATGAGCTATAATACTATCATAAGCAATTC 

GCTGAGTTTCGATATTGTCAACAAATCACTCCAGTTTAAATACAAGACGC 

AAAAAGCAACAATTCTGGAAGCCTCATTAAAGAAATTAATTCCTGCTTGG 

GAATTTACAATTATTCCTTACAATGGACAAAAACATCAATCTGATATCAC 

TGATATTGTAAGTAGTTTGCAATTACAGTTCGAATCATCGGAAGAAGCAG 

ATAAGGGAAATAGCCACAGTAAAAAAATGCTTAAAGCACTTCTAAGTGAG 

GGTGAAAGCATCTGGGAGATCACTGAGAAAATACTAAATTCGTTTGAGT 

ATAC CTCGAGATTTACAAAAACAAAAACTTTATACCAATTCCTCTTCCTA 

GCTACTTTCATCAATTGTGGAAGATTCAGCGATATTAAGAACGTTGATC 

CGAAATCATTTAAATTAGTCCAAAATAAGTATCTGGGAGTAATAATCCA 

GTGTTTAGTGACAGAGACAAAGACAAGCGTTAGTAGGCACATATACTT 

CTTTAGCGCAAGGGGTAGGATCGATCCACTTGTATATTTGGATGAATTT 

TTGAGGAACTCTGAACCAGTCCTAAAACGAGTAAATAGGACCGGCAA 

TTCTTCAAGCAACAAACAGGAATACCAATTATTAAAAGATAACTTAGTC 

AGATCGTACAACAAGGCTTTGAAGAAAAATGCGCCTTATCCAATCTTT 

GCTATAAAGAATGGCCCAAAATCTCACATTGGAAGACATTTGATGAC 

CTCATTTCTGTCAATGAAGGGCCTAACGGAGTTGACTAATGTTGTGGG 

AAATTGGAGCGATAAGCGTGCTTCTGCCGTGGCCAGGACAACGTATA 
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- Continued 
CTCATCAGATAACAGCAATACCTGATCACTACTTCGCACTAGTTTCTC 

GGTACTATGCATATGATCCAATATCAAAGGAAATGATAGCATTGAAGG 

ATGAGACTAATCCAATTGAGGAGTGGCAGCATATAGAACAGCTAAAG 

GGTAGTGCTGAAGGAAGCATACGATACCCCGCATGGAATGGGATAA 

TATCACAGGAGGTACTAGACTACCTTTCATCCTACATAAATAGACGC 

ATATAA 

The corresponding recombinase recognition sequences for 
the Flp and enhanced Flp recombinases comprise FRT sites 
with sequences comprising 

(SEQ ID NO : 4) 
GAAGTTCCTATTC C GAAGTTCCTATTC, TCTAGAAA GTATAGGAACT 

TC. 

In some embodiments, minimal FRT recombinase recog 
nition sites are used, comprising the sequence of 

GAAGTTCCTATTC TCTAGAAA GTATAGGAACTTC (SEO ID NO : 5) 

In some embodiments, the recombinase is R recombinase 
comprising the sequence of GenBank ID # X02398 and the 
corresponding recombinase recognition sequence compris 
ing 

TTGATGAAAGAA TACGTTA TTCTTTCATCAA. (SEQ ID NO : 6) 

In some embodiments, the recombinase comprises the 
bidirectional FimB recombinase of GeneID:948832 (SEQID 
NO: 9) and the corresponding recombinase recognition 
sequences comprise 

(SEO ID NO: 7) 
AATACAAGACAATTGGGGCCAAACTGTCCATATCAT 
and 

(SEQ ID NO: 8) 
CTCTATGAGTCAAAATGGCCCCAAATGTTTCATCTTTTG. 

In some embodiments, the recombinase is the unidirec 
tional FimE recombinase of GeneID: 948836 (SEQ ID NO: 
10) and the corresponding recombinase recognition 
sequences comprise SEQID NO: 7 and SEQID NO: 8. 

In some embodiments, the recombinase is an Int recombi 
nase. In some embodiments, the Int recombinase comprises a 
sequence that encodes for an Int recombinase selected from 
the group consisting of intE, HP1 Int, and HK022 Int. 

In some embodiments, the recombinase is the XerC/XerD 
recombinase comprising the sequence of GeneID: 5387246 
(SEQID NO: 11) and the corresponding recombinase recog 
nition sequences comprise cer and dif. 

In one embodiment, the recombinase is Salmonella Hin 
recombinase comprising the sequence of GeneID: 1254295 
(SEQID NO: 12) and the corresponding recombinase recog 
nition sequences comprise hixL and hixR. 
The Cre protein has been purified to homogeneity (Abrem 

ski et al. (1984).J. Mol. Biol. 259:1509) and the cre gene has 
been cloned and expressed in a variety of host cells (Abrem 
ski et al. (1983)). Purified Cre protein is available from a 
number of Suppliers (e.g., Stratagene, Novagen and New 
England Nuclear/Du Pont). Cre catalyzes the cleavage of the 
loX site within the spacer region and creates a six base-pair 
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staggered cut (Hoess and Abremski (1985).J. Mol. Biol. 181: 
351). The two 13 bp inverted repeat domains of the lox site 
represent binding sites for the Cre protein. If two lox sites 
differ in their spacer regions in Such a manner that the over 
hanging ends of the cleaved DNA cannot reanneal with one 
another, Cre cannot efficiently catalyze a recombination 
event using the two different lox sites. For example, it has 
been reported that Cre cannot recombine (at least not effi 
ciently) a loxP site and a loxP511 site; these two lox sites 
differ in the spacer region. Two lox sites which differ due to 
variations in the binding sites (i.e., the 13 bp inverted repeats) 
may be recombined by Creprovided that Cre can bind to each 
of the variant binding sites; the efficiency of the reaction 
between two different lox sites (varying in the binding sites) 
may be less efficient that between two lox sites having the 
same sequence (the efficiency will depend on the degree and 
the location of the variations in the binding sites). For 
example, the loxC2 site can be efficiently recombined with 
the loxP site; these two lox sites differ by a single nucleotide 
in the left binding site. 

In addition to the foregoing examples of sequences that the 
Cre protein recognizes, Cre also recognizes a number of 
variant or mutant lox sites (variant relative to the loxP 
sequence), including the loxB, loXL, loXR, loXA86, and 
lox.DELTA. 117 sites which are found in the E. coli chromo 
some (Hoess et al. (1982)). Other variant lox sites include 
1OXP511 (5'ATAACTTCGTATAGTATACATTATAC 
GAAGTTAT3' (SEQ ID NO: 13)); Hoess et al. (1986), 
supra), loxC2 (5'-ACAACTTCGTATAATGTATGCTATAC 
GAAGTTAT3' (SEQID NO: 14); U.S. Pat. No. 4,959,317), 
lox66 (5'CTTGGTATAGCATACATTATACGAACGGTA 
3') (SEQ ID NO: 15), lox 71 (5GTTCGTATACGATACAT. 
TATACGAAGTTAT 3') (SEQ ID NO: 16), and lox 
BBa J61046 (5'CTTCGTATAATGTATGCTATACGAAGT 
TAT3') (SEQID NO:17). 

Other alternative site-specific recombinases include: 1) the 
FLP recombinase of the 2 pi plasmid of Saccharomyces cer 
evisiae (Cox (1983), Proc. Natl. Acad. Sci. USA 80:4223) 
which recognize the frt site which, like the loxP site, com 
prises two 13 bp inverted repeats separated by an 8bp spacer 
(5'-GAAGTTCCTATTCTCTAGAAAGT ATAG 
GAACTTC-3 (SEQ ID NO: 18)). The FLP gene has been 
cloned and expressed in E. coli (Cox, Supra) and in mamma 
lian cells (PCT International Patent Application PCT/US92/ 
01899, Publication No.: WO 92/15694, the disclosure of 
which is herein incorporated by reference) and has been puri 
fied (Meyer-Lean et al. (1987) Nucleic Acids Res. 15:6469; 
Babineau et al.(1985).J. Biol. Chem. 260:12313; Gronostajski 
and Sadowski (1985).J. Biol. Chem. 260:12328); 2) the inte 
grase of Streptomyces phage PHI.C31 that carries out effi 
cient recombination between the attP site of the phage 
genome and the attB site of the host chromosome (Groth et 
al., 2000 Proc. Natl. Acad. Sci. USA, 97: 5995); 3) the Int 
recombinase of bacteriophage lambda (lambda-int/attP) 
(with or without Xis) which recognizes att sites (Weisberg et 
al. In: Lambda II, supra, pp. 211-250); 4) the xerC and xerD 
recombinases of E. coli which together form a recombinase 
that recognizes the 28 bp dif site (Leslie and Sherratt (1995) 
EMBO J. 14:1561); 5) the Int protein from the conjugative 
transposon Tn916 (Lu and Churchward (1994) EMBO J. 
13:1541); 6) TpnI and the B-lactamase transposons 
(Levesque (1990) J. Bacteriol. 172:3745); 7) the Tn3 
resolvase (Flanagan et al. (1989) J. Mol. Biol. 206:295 and 
Starket al. (1989) Cell 58:779); 8) the SpoVC recombinase 
of Bacillus subtilis (Sato et al. J. Bacteriol. 172:1092); 9) the 
Hin recombinase (Galsgow et al. (1989) J. Biol. Chem. 264: 
10072): 10) the Cin recombinase (Hafter et al. (1988) EMBO 
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J.7:3991); 11) the immunoglobulin recombinases (Malynn et 
al. Cell (1988). 54:453); and 12) the FIMB and FIME recom 
binases (Blomfield et al., 1997 Mol. Microbiol. 23:705). 

In the natural Salmonella system, the Hin DNA recombi 
nase (BBa J31000, BBa J31001) catalyzes an inversion 5 
reaction that regulates the expression of alternative flagellin 
genes by Switching the orientation of a promoter located on a 
1 kb invertible DNA segment. The asymmetrical palindromic 
sequences hixL and hixR flank the invertible DNA segment 
and serve as the recognition sites for cleavage and strand 10 
exchange. A ~70 bp cis-acting recombinational enhancer 
(RE) increases efficiency of protein-DNA complex forma 
tion. In some embodiments, rather than hixL and hixR, hixC 
(BBa J44000), a composite 26 bp symmetrical hix site that 
shows higher binding affinity for Hin and a 16-fold slower 15 
inversion rate than wild type sites hixL and hixR can be used. 
In addition, a modified Hin/hix DNA recombination system 
can be used in Vivo to manipulate at least two adjacent hixC 
flanked DNA segments. Hin recombinase fused to a C-termi 
nus LVA degradation tag (BBa J31001) and hixC 
(BBa J44000) are sufficient for DNA inversion activity. 
Exemplary sequences for the recombinational enhancer and 
modified Hin recombinase recognition sequences are pro 
vided below: 

12 
chromosome. This excision reaction recombines att, with 
attR to precisely restore the attP and attB sites on the circular 
w and E. coli DNAS. The phage-encoded wintegrase protein 
(Int), a tyrosine recombinase, splices together bacterial and 
phage attachment sites. Intis required for both integration and 
excision of the W prophage. 

w recombination has a strong directional bias in response to 
environmental conditions. Accessory factors, whose expres 
sion levels change in response to host physiology, control the 
action of Int and determine whether the phage genome will 
remain integrated or be excised. Int has two DNA-binding 
domains: a C-terminal domain, consisting of a catalytic 
domain and a core-binding (CB) domain, that interacts with 
the core recombining sites and an N-terminal domain (N-do 
main) that recognizes the regulatory arm DNA sites 5. The 
heterobivalent Int molecules bridge distant core and arm sites 
with the help of accessory proteins, such as integration host 
factor (IHF), which bend the DNA at intervening sites, and 
appose arm and core sequences for interaction with the Int 
recombinase. Five arm DNA sites in the regions flanking the 
core of attP are differentially occupied during integration and 
excision reactions. The integration products attL and attR 
cannot revert back to attP and attB without assistance from 
the phage-encoded factor X is, which bends DNA on its own 

TABLE 1. 

Name Description Sequence Length 

BBa J31 O1 SEQ ID NO : 19 Recombinational . c.tttctagtgcaaattgttgaccgcattttg 77 
Enhancer (RE) for Hin/Hix 
inverting 

BBa J44000 SEQ ID NO: 20 hixC binding ttatcaaaaac catggtttittgataa 26 
site for Salmonella typhimurium 
Hin recombinase 

TABLE 2 

Name Protein Description Direction KEGG UniProt E.C. Length 

BBa J31001 Hin- DNA invertase Hin Stm: STM2772 PO3O13 none 612 
LVA tagged with LVA 

BBa J31000 Hin DNA-invertase Hin Stm: STM2772 PO3O13 none 573 
from Saimoneiia 
typhimurium 

Bacteriophage W has long served as a model system for 
studies of regulated site-specific recombination. In condi 
tions favorable for bacterial growth, the phage genome is 
inserted into the Escherichia coligenome by an integrative 50 
recombination reaction, which takes place between DNA 
attachment sites called attP and attB in the phage and bacterial 
genomes, respectively. As a result, the integrated W. DNA is 
bounded by hybrid attachment sites, termed atti and attR. In 
response to the physiological state of the bacterial host or to 55 
DNA damage, w phage DNA excises itself from the host 

or in combination with the host-encoded factor Fis. X is also 
inhibits integration, and prevents the attP and attB products of 
excision from reverting the attP and attB products of excision 
from reverting to atti and attR. Because the cellular levels of 
IHF and Fis proteins respond to growth conditions, these 
host-encoded factors have been proposed as the master sig 
nals for integration and excision. Additional exemplary W. 
recombination recognition sequences and recombinases for 
the practice of the invention described herein are shown 
below: 

TABLE 3 

Name Description Sequence Length 

BBa I11022 SEQ ID NO: 21 Lambda attB, accactttgtacaagaaagctgggit 25 
reverse complement 

BBa I11023 SEQ ID NO: 22 Lambda attP ... tcactato agtcaaaataaaatcattattt 232 

BBa K112141 SEQ ID NO: 23 attR2 ... gttcagctitt cittgtacaaagtggttgatc 136 
recombination site 
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TABLE 3 - continued 

Name Description Sequence 

BBaK112142 SEQ ID NO: 24 attR2 

recombination site-reverse 

orientation 

TABLE 4 

Name Protein Description Direction 

Xis 
lambda 

excisionase from E. coii Forward 
phage lambda (removes 
prophage from host 
genome) 
integrase from E. coli 
phage lambda 
Xis from bacteriophage 
lambda, assembly 
standard 21 
{a-xis. The 
bacteriophage lambda 
xis gene ready to have 
rbs attached and stop 
codon; assembly stand 
{xis from 
bacteriophage lambda; 
assembly standard 21 

BBa. I11021 Ole 

BBa. I11020 Int Forward 
lambda 
Xis 

Ole 

BBa K112001 

BBa K112204 

BBa K112200 

Bacteriophage P22 is a lambdoid phage which infects Sal 
monella typhimurium. P22 can integrate into and excise out of 
its host chromosome via site-specific recombination. Both 
integration and excision reactions require the phage-encoded 
int gene, and excision is dependent on the Xis gene as well. 

P22 Int is a member of the integrase family. The Int 
proteins of w and P22 are composed of two domains. The 
catalytic domain binds to the core region of the phage recom 
bination site, attP, where the actual recombination reactions 
occur. The Smalleramino-terminal domain binds to arm-type 
sequences which are located on either site of the core within 
the attP. The active components of integrative and excisive 
recombination are nucleosome-like structures, called inta 
somes, in which DNA is folded around several molecules of 
Intand integration hostfactor (IHF). It has been demonstrated 
that one monomer of w integrase can simultaneously occupy 
both a core-type binding site and an arm-type binding site. 
Formation of these bridges is facilitated by IHF, which binds 
to specific sequences and imparts a Substantial bend to the 
DNA. 
The attP regions of P22 and ware also similar in that both 

contain arm regions, known as the P and P' arms, which 
contain Int arm-type binding sites and IHF binding sites. 
However, the arrangement, spacing, and orientation of the Int 
and IHF binding sites are distinct. The attP region of con 

... alacacaacatat coagt cactatggtcgac 

KEGG UniProt E.C. 

PO3699 none 

PO3700 none 
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Length 

136 

Length 

255 

1107 

216 

223 

219 

tains two Int arm-type binding sites on the Parm and three on 
the P'arm. The Parm contains two IHF binding sites, and the 
P'arm contains a single site. The attP region of P22 contains 
three Int arm-type binding sites on the Parm and two sites on 
the P'arm. In addition, IHF binding sites, called Hand H', are 
located on each arm of the P22 attP. Leong et al. showed that 
the Escherichia coli IHF can recognize and bind to these P22 
IHF binding sites in vitro. It was also shown that the maxi 
mum amount of P22 integrative recombination occurred in 
the presence of E. coli IHF in vitro, whereas in its absence, 
recombination was detectable but depressed. However, the 
requirement for IHF or other possible accessory proteins 
during P22 site-specific recombination in vivo has not been 
tested. In this study, we assessed the role of IHF in P22 
integration and excision in vivo. 

Although the attP region of P22 contains strong IHF bind 
ing sites, in vivo measurements of integration and excision 
frequencies showed that infecting P22 phages can perform 
site-specific recombination to its maximum efficiency in the 
absence of IHF. In addition, a plasmid integration assay 
showed that integrative recombination occurs equally well in 
wild-type and ihfa mutant cells. P22 integrative recombina 
tion is also efficient in Escherichia coli in the absence of 
functional IHF. Additional exemplary recombination recog 
nition sequences and recombinases are described below: 

TABLE 5 

Name Description Sequence Length 

BBa I11032 SEQ ID NO: 25 P22 attB, acgacct tcgcattacgaatgcgctgc 27 
reverse complement 

BBa I11033 SEQ ID NO: 26 P22 attP' ... g.gga catatttgggacagalagtaccaaaaa 26 O 



US 8,645,115 B2 

TABLE 6 

Name Protein Description Direction KEGG UniProt E.C. Length 

BBa. I11031 Xis excisionase from E. coii Forward Ole PO4889 none 387 

P22 phage P22 (removes 

prophage from host 
genome) 

BBa I11030 Int P22 integrase from E. coli Forward Ole PO4890 none 1200 

phage P22 

The FLP system of the yeast 2 mm plasmid is one of the 
most attractive for genomic manipulation because of its effi 
ciency, simplicity, and demonstrated in vivo activity in a wide 
range of organisms. The Flp system has been used to con 
struct specific genomic deletions and gene duplications, 
study gene function, promote chromosomal translocations, 
promote site-specific chromosome cleavage, and facilitate 
the construction of genomic libraries in organisms including 
bacteria, yeast, insects, plants, mice, and humans. Site-spe 
cific recombination catalyzed by the FLP recombinase occurs 
readily in bacterial cells. 
The yeast FLP system has been studied intensively. The 

only requirements for FLP recombination are the FLP protein 
and the FLP recombination target (FRT) sites on the DNA 
substrates. The minimal functional FRT site contains only 34 
bp. The FLP protein can promote both inter- and intramolecu 
lar recombination. Exemplary recombination recognition 
sequences for use with the yeast FLP system are provided 
below: 

15 

25 

30 

chromosome dimer resolution machinery. Two site-specific 
recombinases of the tyrosine recombinase family, XerCD, act 
at a 28 bp recombination site, dif, located in the replication 
terminus region of the E. coli chromosome to remove the 
crossover introduced by dimer formation, thereby converting 
dimers to monomers. A complete dimer resolution reaction 
during recombination at difrequires the action of the C-ter 
minal domain of FtsK (FtsK). FtsK is a multifunctional 
protein whose N-terminal domain acts in cell division, while 
the C-terminal domain functions in chromosome segregation. 
Therefore, FtsK is well suited to coordinate chromosome 
segregation and cell division. A purified protein, FtsKso, 
containing a functional C-terminal domain, can translocate 

TABLE F 

Name Description Sequence Length 

BBa Jó1020 SEQ ID NO: 27 FRT titcctatact ttittagagaataggaacttic 34 

BBa J72001 SEQ ID NO: 28 FRT titcctatactittctagagaataggaacttic 36 

recombination site for flip 
recombinase in BBb 

The separation and segregation of newly replicated E. coli 
circular chromosomes can also be prevented by the formation 
of circular chromosome dimers, which can arise during cross 
ing over by homologous recombination. In E. coli, these 
dimers, which arise about once every six generations, are 
resolved to monomers by the action of the FtsK-XerCD-dif 

Name Description 

BBaI742101 SEQ ID NO : 

50 

29 dif site with 

forward orientation 

BBaI742102 SEQ ID NO : 30 dif site with 

reverse orientation 

DNA in an ATP-dependent manner and activate Xer recom 
bination at the recombination site dif, thereby reconstituting 
in vitro the expected in vivo activities of the C-terminal 
domain of the complete FtsK protein. Additional exemplary 
recombination recognition sequences for use with the XerCD 
system are provided below: 

TABLE 8 

Sequence Length 

tcqgtgcgcataatgtatattatgttaaat 31 

t catttaa.cataatata cattatgcgcacc 31 
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The fim switch (fimS) consists of a 314 bp DNA element remainder of a nucleic acid sequence are controlled. A pro 
that can be inverted by site-specific recombinases FimBand moter may also contain genetic elements at which regulatory 
FimE. In the natural system, fimSc contains a promoter, that proteins and molecules may bind. Such as RNA polymerase 
When Switched to the on Orientation, drives transcription of and other transcription factors. In some embodiments of the 
the fim operon. Thefim operon is needed for export and struc- 5 aspects, a promoter may drive the expression of a transcrip 
tural assembly of type 1 fimbriae. FimBand FimE, required to tion factor that regulates the expression of the promoter itself. 
invert fimS, are members of the integrase family of site 
specific recombinases. Recombination of fimS is distinct 
from the related Xer-mediated recombination in that the 
recombinases act independently to invert fimS. Each inverted 10 
repeat (IR) is flanked by overlapping FimBand FimEbinding 
sites, and following occupancy of these sites they recombine 
the Switch within the IR sequence. As for w phage chromo 
Somal integration and excision, fim recombination also 
requires accessory proteins, specifically integration host fac- 15 

or that of another promoter used in another modular compo 
nent of the invention. 
A promoter can be said to drive expression or drive tran 

Scription of the nucleic acid sequence that it regulates. The 
phrases “operably linked”, “operatively positioned,” “opera 
tively linked,” “under control.” and “under transcriptional 
control indicate that a promoter is in a correct functional 
location and/or orientation in relation to a nucleic acid 

tor (IHF) and the leucine-responsive regulatory protein (Lirp). Sequence it regulates to control transcriptional initiation and/ 
These proteins are believed to contribute to the overall archi- or expression of that sequence. An "inverted promoter is a 
tecture of the fim switch that facilitates synapse of the 9 bp promoter in which the nucleic acid sequence is in the reverse 
IRS. orientation, such that what was the coding Strand is now the 
FimB catalyses inversion in both directions, although with 20 non-coding Strand, and Vice Versa. Inverted promoter 

a slight bias for the off-to-on orientation, while FimE pre- sequences can be used in various embodiments of the inven 
dominantly catalyses on-to-off inversion. Control of FimE tion to regulate the State of a module or a Switch. Thus, 
expression is important in bringing about its orientation bias; inversion of an inverted promoter sequence due, for example, 
as the fim switch is located at the end offimE, the orientation to recombinase activity, orients the promoter in a direction 
of fimS determines the length and 3' sequence of the fimE 25 such that it can drive expression of an operably linked 
transcript. As a consequence, fimb mRNA is likely to be sequence. In some embodiments of the aspects described 
subject to more rapid 3' to 5' degradation when the switch is in herein, the promoter is an inverted inducible promoter that, 
the off orientation than when it is in the on orientation. In upon inversion to the correctorientation, can drive expression 
addition, FimE preferentially binds to fimS in the on orienta- of an operably linked sequence upon receiving the appropri 
tion, as has been demonstrated in vitro and in Vivo, which 30 ate inducer signal. In addition, in various embodiments of the 
adds to the directional bias. A further difference between invention, a promoter may or may not be used in conjunction 
FimBand FimE is that FimBinversion frequencies are mark- with an "enhancer, which refers to a cis-acting regulatory 
edly lower than those exhibited by FimE, both in vitro and in sequence involved in the transcriptional activation of a 
vivo. Additional exemplary recombination recognition nucleic acid sequence downstream of the promoter. The 
sequences and recombinases for use with the FimBand FimE 35 enhancer may be located at any functional location before or 
system are provided below: after the promoter, and/or the encoded nucleic acid. 

TABLE 9 

Name Description Sequence Recombinase Length 

BBa K137008 SEQ ID NO : 31 fimE . . . galaa catttggggccaaactgtc.cat atta 35 
IRR 

BBa K137010 SEQ ID NO: 32 filmE . . . gagt caaaatggc cc caattgtc.ttgtatt 35 
IRL 

TABLE 10 A promoter may be one naturally associated with a gene or 
sequence, as may be obtained by isolating the 5' non-coding 

Name Protein Description Length sequences located upstream of the coding segment and/or 
BBa K137007 fimE 558 ' exon of a given gene or sequence. Such a promoter can be 

referred to as "endogenous.” Similarly, an enhancer may be 
one naturally associated with a nucleic acid sequence, located 
either downstream or upstream of that sequence. 

Alternatively, certain advantages will be gained by posi 

Promoters 
Described herein are promoter sequences for use in the 

engineered genetic counters and modules. In some aspects, 55 
the promoters used in the engineered genetic counters and tioning a coding nucleic acid segment under the control of a 
modules drives expression of an operably linked recombi- recombinant or heterologous promoter, which refers to a pro 
nase, thus regulating expression and consequent enzymatic moter that is not normally associated with the encoded 
activity of said recombinase. nucleic acid sequence in its natural environment. A recombi 

The term “promoter” as used herein refers to any nucleic 60 nant or heterologous enhancer refers to an enhancer not nor 
acid sequence that regulates the expression of another nucleic mally associated with a nucleic acid sequence in its natural 
acid sequence by driving transcription of the nucleic acid environment. Such promoters or enhancers may include pro 
sequence, which can be a heterologous target gene, encoding moters or enhancers of other genes; promoters or enhancers 
a protein or RNA. Promoters can be constitutive, inducible, isolated from any other prokaryotic, viral, or eukaryotic cell; 
activatable, repressible, tissue-specific, or any combination 65 and synthetic promoters or enhancers that are not “naturally 
thereof. A promoter is a control region of a nucleic acid occurring”, i.e., contain different elements of different tran 
sequence at which initiation and rate of transcription of the Scriptional regulatory regions, and/or mutations that alter 
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expression through methods of genetic engineering that are 
known in the art. In addition to producing nucleic acid 
sequences of promoters and enhancers synthetically, 
sequences may be produced using recombinant cloning and/ 
or nucleic acid amplification technology, including PCR, in 
connection with the biological converter Switches and mod 
ules disclosed herein (see U.S. Pat. Nos. 4,683,202, 5,928, 
906, each incorporated herein by reference). Furthermore, it 
is contemplated the control sequences that direct transcrip 
tion and/or expression of sequences within non-nuclear 
organelles Such as mitochondria, chloroplasts, and the like, 
can be employed as well. 
Inducible Promoters 
As described herein, an “inducible promoter' is one that is 

characterized by initiating or enhancing transcriptional activ 
ity when in the presence of influenced by, or contacted by an 
inducer or inducing agent. An "inducer or “inducing agent' 
may be endogenous, or a normally exogenous compound or 
protein that is administered in Such a way as to be active in 
inducing transcriptional activity from the inducible promoter. 
In some embodiments, the inducer or inducing agent, i.e., a 
chemical, a compound or a protein, can itself be the result of 
transcription or expression of a nucleic acid sequence (i.e., an 
inducer can be a transcriptional repressor protein), which 
itself may be under the control or an inducible promoter. In 
Some embodiments, an inducible promoter is induced in the 
absence of certain agents, such as a repressor. Examples of 
inducible promoters include but are not limited to, tetracy 
cline, metallothionine, ecdysone, mammalian viruses (e.g., 
the adenovirus late promoter, and the mouse mammary tumor 
virus long terminal repeat (MMTV-LTR)) and other steroid 
responsive promoters, rapamycin responsive promoters and 
the like. 

Inducible promoters useful in the methods and systems of 
the present invention are capable of functioning in both 
prokaryotic and eukaryotic host organisms. In some embodi 
ments of the different aspects of the invention, mammalian 
inducible promoters are included, although inducible pro 
moters from other organisms, as well as synthetic promoters 
designed to function in a prokaryotic or eukaryotic host may 
be used. One important functional characteristic of the induc 
ible promoters of the present invention is their ultimate induc 
ibility by exposure to an externally applied inducer, Such as an 
environmental inducer. Appropriate environmental inducers 
include exposure to heat (i.e., thermal pulses or constant heat 
exposure), various steroidal compounds, divalent cations (in 
cluding Cu" and Zn"), galactose, tetracycline, IPTG (iso 
propyl-3-D thiogalactoside), as well as other naturally occur 
ring and synthetic inducing agents and gratuitous inducers. 
The promoters for use in the biological circuit chemotactic 

converters and modules described herein encompass the 
inducibility of a prokaryotic or eukaryotic promoter by, in 
part, either of two mechanisms. In particular embodiments of 
the present invention, the engineered genetic counters and 
their component modules comprise Suitable inducible pro 
moters that can be dependent upon transcriptional activators 
that, in turn, are reliant upon an environmental inducer. In 
other embodiments, the inducible promoters can be repressed 
by a transcriptional repressor which itself is rendered inactive 
by an environmental inducer, Such as the product of a 
sequence driven by another promoter. Thus, unless specified 
otherwise, an inducible promoter can be either one that is 
induced by an inducing agent that positively activates a tran 
Scriptional activator, or one which is derepressed by an induc 
ing agent that negatively regulates a transcriptional repressor. 
In such embodiments of the various aspects described herein, 
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20 
where it is required to distinguish between an activating and 
a repressing inducing agent, explicit distinction will be made. 

Inducible promoters that are useful in the engineered bio 
logical counters and methods of use described herein include 
those controlled by the action of latent transcriptional activa 
tors that are subject to induction by the action of environmen 
tal inducing agents. Some non-limiting examples include the 
copper-inducible promoters of the yeast genes CUP1, CRS5, 
and SOD1 that are subject to copper-dependent activation by 
the yeast ACE 1 transcriptional activator (see e.g. Strain and 
Culotta, 1996; Hottiger et al., 1994: Lapinskas et al., 1993; 
and Gralla et al., 1991). Alternatively, the copper inducible 
promoter of the yeast gene CTT1 (encoding cytosolic cata 
laseT), which operates independently of the ACE 1 transcrip 
tional activator (Lapinskas et al., 1993), can be utilized. The 
copper concentrations required for effective induction of 
these genes are suitably low so as to be tolerated by most cell 
systems, including yeast and Drosophila cells. Alternatively, 
other naturally occurring inducible promoters can be used in 
the present invention including: Steroid inducible gene pro 
moters (see e.g. Oligino et al. (1998) Gene Ther. 5: 491-6): 
galactose inducible promoters from yeast (see e.g. Johnston 
(1987) Microbiol Rev 51: 458-76; Ruzzi et al. (1987) Mol 
Cell Biol 7: 991-7); and various heat shock gene promoters. 
Many eukaryotic transcriptional activators have been shown 
to function in a broad range of eukaryotic host cells, and so, 
for example, many of the inducible promoters identified in 
yeast can be adapted for use in a mammalian host cell as well. 
For example, a unique synthetic transcriptional induction 
system for mammalian cells has been developed based upon 
a GAL4-estrogen receptor fusion protein that induces mam 
malian promoters containing GAL.4 binding sites (Brasel 
mann et al. (1993) Proc Natl Acad Sci USA 90: 1657-61). 
These and other inducible promoters responsive to transcrip 
tional activators that are dependent upon specific inducers are 
suitable for use with the present invention. 

Inducible promoters useful in the modules and methods 
disclosed herein also include those that are repressed by 
“transcriptional repressors' that are subject to inactivation by 
the action of environmental, external agents, or the product of 
another gene. Such inducible promoters may also be termed 
“repressible promoters' where it is required to distinguish 
between other types of promoters in a given module or com 
ponent of an engineered genetic counter described herein. 
Examples include prokaryotic repressors that can transcrip 
tionally repress eukaryotic promoters that have been engi 
neered to incorporate appropriate repressor-binding operator 
sequences. Preferred repressors for use in the present inven 
tion are sensitive to inactivation by physiologically benign 
agent. Thus, where a lac repressor protein is used to control 
the expression of a promoter sequence that has been engi 
neered to contain a lacO operator sequence, treatment of the 
host cell with IPTG will cause the dissociation of the lac 
repressor from the engineered promoter containing a lacO 
operator sequence and allow transcription to occur. Similarly, 
where a tet repressor is used to control the expression of a 
promoter sequence that has been engineered to contain a tetO 
operator sequence, treatment of the host cell with tetracycline 
will cause the dissociation of the tet repressor from the engi 
neered promoter and allow transcription of the sequence 
downstream of the engineered promoter to occur. 
An inducible promoter useful in the methods and systems 

as disclosed hereincan be induced by one or more physiologi 
cal conditions, such as changes in pH, temperature, radiation, 
osmotic pressure, saline gradients, cell Surface binding, and 
the concentration of one or more extrinsic or intrinsic induc 
ing agents. The extrinsic inducer or inducing agent may com 
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prise amino acids and amino acid analogs, saccharides and 
polysaccharides, nucleic acids, protein transcriptional activa 
tors and repressors, cytokines, toxins, petroleum-based com 
pounds, metal containing compounds, salts, ions, enzyme 
Substrate analogs, hormones, and combinations thereof. In 
specific embodiments, the inducible promoter is activated or 
repressed in response to a change of an environmental con 
dition, Such as the change in concentration of a chemical, 
metal, temperature, radiation, nutrient or change in pH. Thus, 
an inducible promoter useful in the methods and systems as 
disclosed herein can be a phage inducible promoter, nutrient 
inducible promoter, temperature inducible promoter, radia 
tion inducible promoter, metal inducible promoter, hormone 
inducible promoter, steroid inducible promoter, and/or 
hybrids and combinations thereof. 

Promoters that are inducible by ionizing radiation can be 
used in certain embodiments, where gene expression is 
induced locally in a cell by exposure to ionizing radiation 
such as UV or x-rays. Radiation inducible promoters include 
the non-limiting examples of foS promoter, c-jun promoter or 
at least one CArG domain of an Egr-1 promoter. Further 
non-limiting examples of inducible promoters include pro 
moters from genes such as cytochrome P450 genes, inducible 
heat shock protein genes, metallothionein genes, hormone 
inducible genes, such as the estrogen gene promoter, and 
such. In further embodiments, an inducible promoter useful 
in the methods and systems as disclosed herein can be Zn" 
metallothionein promoter, metallothionein-1 promoter, 
human metallothionein IIA promoter, lac promoter, lacO pro 
moter, mouse mammary tumor virus early promoter, mouse 
mammary tumor virus LTR promoter, triose dehydrogenase 
promoter, herpes simplex virus thymidine kinase promoter, 
simian virus 40 early promoter or retroviral myeloprolifera 
tive sarcoma virus promoter. Examples of inducible promot 
ers also include mammalian probasin promoter, lactalbumin 
promoter, GRP78 promoter, or the bacterial tetracycline-in 
ducible promoter. Other examples include phorbol ester, 
adenovirus E1A element, interferon, and serum inducible 
promoters. 

Inducible promoters useful in the modules and engineered 
genetic counters as disclosed herein for in vivo uses may 
include those responsive to biologically compatible agents, 
Such as those that are usually encountered in defined animal 
tissues. An example is the human PAI-1 promoter, which is 
inducible by tumor necrosis factor. Further suitable examples 
include cytochrome P450 gene promoters, inducible by vari 
ous toxins and other agents; heat shock protein genes, induc 
ible by various stresses; hormone-inducible genes, such as the 
estrogen gene promoter, and such. 
The administration or removal of an inducer or repressor as 

disclosed herein results in a switch between the “on” or “off 
states of the transcription of the operably linked heterologous 
target gene. Thus, as defined herein the “on” state of a pro 
moter operably linked to a nucleic acid sequence, refers to the 
state when the promoteris actively driving transcription of the 
operably linked nucleic acid sequence, i.e., the linked nucleic 
acid sequence is expressed. Several Small molecule ligands 
have been shown to mediate regulated gene expressions, 
either in tissue culture cells and/or in transgenic animal mod 
els. These include the FK1012 and rapamycin immunosu 
pressive drugs (Spencer et al., 1993; Magari et al., 1997), the 
progesterone antagonist mifepristone (RU486) (Wang, 1994: 
Wang et al., 1997), the tetracycline antibiotic derivatives 
(Gossen and Bujard, 1992: Gossen et al., 1995; Kistner et al., 
1996), and the insect steroid hormone ecdysone (No et al., 
1996). All of these references are herein incorporated by 
reference. By way of further example, Yao discloses in U.S. 
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Pat. No. 6,444,871, which is incorporated herein by refer 
ence, prokaryotic elements associated with the tetracycline 
resistance (tet) operon, a system in which the tet repressor 
protein is fused with polypeptides known to modulate tran 
Scription in mammalian cells. The fusion protein is then 
directed to specific sites by the positioning of the tet operator 
sequence. For example, the tet repressor has been fused to a 
transactivator (VP16) and targeted to a tet operator sequence 
positioned upstream from the promoter of a selected gene 
(Gussen et al., 1992: Kim et al., 1995; Hennighausen et al., 
1995). The tet repressorportion of the fusion protein binds to 
the operator thereby targeting the VP16 activator to the spe 
cific site where the induction of transcription is desired. An 
alternative approach has been to fuse the tet repressor to the 
KRAB repressor domain and target this protein to an operator 
placed several hundred base pairs upstream of a gene. Using 
this system, it has been found that the chimeric protein, but 
not the tet repressor alone, is capable of producing a 10 to 
15-fold suppression of CMV-regulated gene expression 
(Deuschle et al., 1995). 
One example of a repressible promoter useful in the mod 

ules and engineered genetic counters as described herein is 
the Lac repressor (lacR)/operator/inducer system of E. coli 
that has been used to regulate gene expression by three dif 
ferent approaches: (1) prevention of transcription initiation 
by properly placed lac operators at promoter sites (Hu and 
Davidson, 1987: Brown et al., 1987: Figge et al., 1988: Fuerst 
et al., 1989: Deuschle et al., 1989; (2) blockage of transcrib 
ing RNA polymerase II during elongation by a LacR/operator 
complex (Deuschleet al. (1990); and (3) activation of a pro 
moter responsive to a fusion between LacRand the activation 
domain of herpes simples virus (HSV) virion protein 16 
(VP16) (Labow et al., 1990; Baim et al., 1991). In one version 
of the Lac System, expression of lac operator-linked 
sequences is constitutively activated by a LacR-VP16 fusion 
protein and is turned off in the presence of isopropyl-f-D-1- 
thiogalactopyranoside (IPTG) (Labow et al. (1990), cited 
supra). In another version of the system, a lacR-VP16 variant 
is used that binds to lac operators in the presence of IPTG, 
which can be enhanced by increasing the temperature of the 
cells (Baim et al. (1991), cited supra). Thus, in some embodi 
ments of the present invention, components of the Lac System 
are utilized. For example, a lac operator (LacO) may be 
operably linked to tissue specific promoter, and control the 
transcription and expression of the heterologous target gene 
and another repressor protein, such as the TetR. Accordingly, 
the expression of the heterologous target gene is inversely 
regulated as compared to the expression or presence of Lac 
repressor in the system. 
Components of the tetracycline (Tc) resistance system of 

E. coli have also been found to function in eukaryotic cells 
and have been used to regulate gene expression. For example, 
the Tet repressor (TetR), which binds to tet operator (tetO) 
sequences in the absence of tetracycline and represses gene 
transcription, has been expressed in plant cells at Sufficiently 
high concentrations to repress transcription from a promoter 
containing tet operator sequences (Gatz, C. et al. (1992) Plant 
J. 2:397-404). In some embodiments of the present invention, 
the Tet repressor system is similarly utilized in the engineered 
genetic counters. 
A temperature- or heat-inducible gene regulatory system 

may also be used in the present invention, such as the exem 
plary TIGR system comprising a cold-inducible transactiva 
tor in the form of a fusion protein having a heat shock respon 
sive regulator, rheA, fused to the VP16 transactivator (Weber 
et al., 2003a). The promoter responsive to this fusion ther 
mosensor comprises a rheo element operably linked to a 
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minimal promoter, Such as the minimal version of the human 
cytomegalovirus immediate early promoter. At the permis 
sive temperature of 37°C., the cold-inducible transactivator 
transactivates the exemplary rheo-CMVmin promoter, per 
mitting expression of the target gene. At 41° C., the cold 
inducible transactivator no longer transactivates the rheC) pro 
moter. Any such heat-inducible or -regulated promoter can be 
used in accordance with the methods of the present invention, 
including but not limited to a heat-responsive element in a 
heat shock gene (e.g., hsp20-30, hsp27, hsp40, hsp60, hsp70, 
and hsp90). See Easton et al. (2000) Cell Stress Chaperones 
5(4):276-290; Csermely et al. (1998) Pharmacol Ther79(2): 
129-168; Ohtsuka & Hata (2000) IntJ Hyperthermia 16(3): 
231-245; and references cited therein. Sequence similarity to 
heat shock proteins and heat-responsive promoter elements 
have also been recognized in genes initially characterized 
with respect to other functions, and the DNA sequences that 
confer heat inducibility are suitable for use in the disclosed 
gene therapy vectors. For example, expression of glucose 
responsive genes (e.g., grp94, grp78, mortalin/grp75) (Mer 
ricket al. (1997) Cancer Lett 119(2): 185-190; Kiang et al. 
(1998) FASEB J 12(14): 1571-16-579), calreticulin (Szewc 
Zenko-Pawlikowskietal. (1997) Mol Cell Biochem 177(1-2): 
145-1 52); clusterin (Viard et al. (1999) J Invest Dermatol 
112(3):290–296; Micheletal. (1997) Biochem J328(Pt 1):45 
50; Clark & Griswold (1997) J Androl 18(3):257-263), his 
tocompatibility class I gene (HLA-G) (Ibrahim et al. (2000) 
Cell Stress Chaperones 5(3):207-218), and the Kunitz pro 
tease isoform of amyloid precursor protein (Shepherd et al. 
(2000) Neuroscience 99(2):31 7-325) are upregulated in 
response to heat. In the case of clusterin, a 14 base pair 
element that is sufficient for heat-inducibility has been delin 
eated (Micheletal. (1997) Biochem J328(Pt1):45-50). Simi 
larly, a two sequence unit comprising a 10- and a 14-base pair 
element in the calreticulin promoter region has been shown to 
confer heat-inducibility (Szewczenko-Pawlikowski et al. 
(1997) Mol Cell Biochem 177(1-2): 145-152). 

Other inducible promoters useful in the engineered genetic 
counters described herein include the erythromycin-resis 
tance regulon from E. coli, having repressible (E) and 
inducible (E) systems responsive to macrollide antibiotics, 
Such as erythromycin, clarithromycin, and roXithromycin 
(Weberet al., 2002). The E system utilizes an erythromycin 
dependent transactivator, wherein providing a macrollide anti 
biotic represses transgene expression. In the E System, the 
binding of the repressor to the operator results in repression of 
transgene expression. Therein, in the presence of macrollides 
gene expression is induced. 

Fussenegger et al. (2000) describe repressible and induc 
ible systems using a Pip (pristinamycin-induced protein) 
repressor encoded by the streptogramin resistance operon of 
Streptomyces coelicolor, wherein the systems are responsive 
to streptogramin-type antibiotics (such as, for example, pris 
tinamycin, virginiamycin, and Synercid). The Pip DNA 
binding domain is fused to a VP16 transactivation domain or 
to the KRAB silencing domain, for example. The presence or 
absence of, for example, pristinamycin, regulates the PipON 
and PipOFF systems in their respective manners, as described 
therein. 

Another example of a promoter expression system useful 
for the modules and Switches of the invention utilizes a quo 
rum-sensing (referring to particular prokaryotic molecule 
communication systems having diffusible signal molecules 
that prevent binding of a repressor to an operator site, result 
ing in derepression of a target regulon) system. For example, 
Weber et al. (2003b) employ a fusion protein comprising the 
Streptomyces coelicolor quorum-sending receptor to a trans 
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activating domain that regulates a chimeric promoter having 
a respective operator that the fusion protein binds. The 
expression is fine-tuned with non-toxic butyrolactones, such 
as SCB1 and MP133. 

In some embodiments, multiregulated, multigene gene 
expression systems that are functionally compatible with one 
another are utilized in the present invention (see, for example, 
Krameretal. (2003)). For example, in Weberetal. (2002), the 
macrollide-responsive erythromycin resistance regulon sys 
tem is used in conjunction with a streptogramin (PIP)-regu 
lated and tetracycline-regulated expression systems. 

Other promoters responsive to non-heat stimuli can also be 
used. For example, the mortalin promoter is induced by low 
doses of ionizing radiation (Sadekova (1997) IntJ Radiat Biol 
72(6):653-660), the hsp27 promoter is activated by 17-B- 
estradiol and estrogen receptoragonists (Porter et al. (2001).J 
Mol Endocrinol 26(1):31-42), the HLA-G promoter is 
induced by arsenite, hsp promoters can be activated by pho 
todynamic therapy (Luna et al. (2000) Cancer Res 60(6): 
1637-1 644). A suitable promoter can incorporate factors 
Such as tissue-specific activation. For example, hsp70 is tran 
Scriptionally impaired in stressed neuroblastoma cells 
(Drujan & DeMaio (1999) 12(6):443-448) and the mortalin 
promoter is up-regulated in human brain tumors (Takano et al. 
(1997) Exp Cell Res 237(1):38-45). A promoter employed in 
methods of the present invention can show selective up-regu 
lation in tumor cells as described, for example, for mortalin 
(Takano et al. (1997) Exp Cell Res 237(1):38-45), hsp27 and 
calreticulin (Szewczenko-Pawlikowski et al. (1997) Mol Cell 
Biochem 177(1-2): 145-152;Yu et al. (2000) Electrophoresis 
2 1 (14):3058-3068)), grp94 and grp78 (Gazitet al. (1999) 
Breast Cancer Res Treat 54(2): 135-146), and hsp27, hsp70, 
hsp73, and hsp90 (Cardillo et al. (2000) Anticancer Res 
20(6B):4579-4583: Strik et al. (2000) Anticancer Res 
20(6B):4457-4552). 

In some embodiments, the promoter is a SOS-responsive 
promoter that allows the module to count the number of times 
that the SOS network is activated. In one embodiment, the 
promoter is an iron-responsive promoter that allows the mod 
ule to count the number of times that iron is encountered. 

In some embodiments, the inducible promoter comprises 
an Anhydrotetracycline (aTc)-inducible promoter as pro 
vided in PLtetO-1 (Pubmed Nucleotide# U66309) with the 
sequence comprising 

(SEQ ID NO: 33) 
GCATGCTCCCTATCAGTGATAGAGATTGACATCCCTATCAGTGATAGAGA 

TACTGAGCACATCAGCAGGACGCACTGACCAGGA. 

In some embodiments, the inducible promoter is an arabi 
nose-inducible promoter P. comprising the sequence 

(SEQ ID NO: 34) 
AAGAAACCAATTGTCCATATTGCATCAGACATTGCCGTCACTGCGTCTTT 

TACTGGCTCTTCTCGCTAACCAAACCGGTAACCCCGCTTATTAAAAGCAT 

TCTGTAACAAAGCGGGACCAAAGCCATGACAAAAACGCGTAACAAAAGTG 

TCTATAATCACGGCAGAAAAGTCCACATTGATTATTTGCACGGCGTCACA 

CTTTGCTATGCCATAGCATTTTTATCCATAAGATTAGCGGATCCTACCTG 

ACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATA. 
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In some embodiments, the inducible promoter is an isopro 
pyl B-D-1-thiogalactopyranoside (IPTG) inducible promoter. 
In one embodiment, the IPTG-inducible promoter comprises 
the P. sequence found in the vector encoded by PubMed 
Accession ID HEU546824. In one embodiment, the IPTG 
inducible promoter sequence comprises the P-2 sequence 

(SEO ID NO : 35) 
CCATCGAATGGCTGAAATGAGCTGTTGACAATTAATCATCCGGCTCGTAT 

AATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGA. 

In some embodiments, the IPTG-inducible promoter com 
prises the P. sequence found in the vector encoded by 
PubMed Accession ID HEU546816. 

In some embodiments, the IPTG-inducible promoter com 
prises the Pro-1 sequence: 

(SEQ ID NO: 
ATAAATGTGAGCGGATAACATTGACATTGTGAGCGGATAACAAGATAC 

36) 

TGAGCACTCAGCAGGACGCACTGACC. 

In some embodiments, the IPTG-inducible promoter com 
prises the Paleo-I sequence 

10 

15 

25 
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(SEO ID NO : 37) 
AAAATTTATCAAAAAGAGTGTTGACTTGTGAGCGGATAACAATGATACTT 

AGATTCAATTGTGAGCGGATAACAATTTCACACA. 

In some embodiments, the IPTG-inducible promoter com 
prises the P-- Sequence 

(SEQ ID NO: 38) 
CATAGCATTTTTATCCATAAGATTAGCGGATCCTAAGCTTTACAATTGTG 

AGCGCTCACAATTATGATAGATTCAATTGTGAGCGGATAACAATTTCACA 

CA. 

In some embodiments, the inducible promoter sequence 
comprises the P. Sequence sico 

(SEO ID NO. 39) 
GCATGCACAGATAACCATCTGCGGTGATAAATTATCTCTGGCGGTGTTGA 

CATAAATACCACTGGCGGTtATAaTGAGCACATCAGCAGG//GTATGCAA 

AGGA 

Other non-limiting examples of promoters that are useful 
for use in the modules and engineered genetic counters 
described herein are presented in Tables 11-47. 

E 11 

Examples of Constitutive E. coli o' Promoters 

Name Description Promoter Sequence 

BBa I14 O18 SEQ ID NO: 40 P (Bla) gtttata cataggcgagtactctgttatgg 

BBa I14 O33 SEQ ID NO: 41 P (Cat) agaggttccaactitt caccataatgaaaca 

BBaI14034 SEQ ID NO: 42 P (Kat) taaacaactaacggacaattctacctaa.ca 

BBa I732O21 SEQ ID NO: 43 Template for Building a catcaa.gc.caaattaaacaggattaa.cac 
Primer Family Member 

BBa I74.2126 SEQ ID NO: 44 Reverse lambda cI- gaggtaaaatagt caacacgcacggtgtta 
regulated promoter 

BBa JO1006 SEQ ID NO: 45 Key Promoter absorbs 3 cagg.ccggaataactic cctataatgcgc.ca 

BBa J23100 SEQ ID NO: 46 constitutive promoter ggctagotcagtcc tagg tacagtgctago 
family member 

BBa J23101 SEQ ID NO: 47 constitutive promoter agctagotcagtcc tagg tattatgctago 
family member 

BBa J23102 SEQ ID NO: 48 constitutive promoter agctagotcagtcc tagg tact.gtgctago 
family member 

BBa J23103 SEQ ID NO: 49 constitutive promoter agctagotcagtcc tagggattatgctago 
family member 

BBa J23104 SEQ ID NO: 50 constitutive promoter agctagotcagtcc tagg tattgttgctago 
family member 

BBa J23105 SEQ ID NO: 51 constitutive promoter ggctagotcagtcc tagg tact atgctago 
family member 

BBa J23106 SEQ ID NO: 52 constitutive promoter ggctagotcagtcc taggtatagtgctago 
family member 

BBa J23107 SEQ ID NO: 53 constitutive promoter ggctagotcagc.cc tagg tatt atgctago 
family member 

BBa J23108 SEQ ID NO: 54 constitutive promoter agctagotcagtcc taggtataatgctago 
family member 
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TABLE 11 - continued 

Examples of Constitutive E. coli o' Promoters 

Name Description Promoter Sequence 

BBa J23109 SEQ ID NO: 55 constitutive promoter agctagotcagt cctagggactgtgctago 
family member 

BBa J23110 SEQ ID NO: 56 constitutive promoter ggctagotcagt cc tagg tacaatgctago 
family member 

BBa J23111 SEQ ID NO: 57 constitutive promoter ggctagotcagt cc taggtatagtgctago 
family member 

BBa J23112 SEQ ID NO: 58 constitutive promoter agctagotcagt cctagggattatgctago 
family member 

BBa J23113 SEQ ID NO. 59 constitutive promoter ggctagotcagt cc tagggattatgctago 
family member 

BBa J23114 SEQ ID NO: 60 constitutive promoter ggctagotcagt cc tagg tacaatgctago 
family member 

BBa J23115 SEQ ID NO: 61 constitutive promoter agctagotcagc ccttgg tacaatgctago 
family member 

BBa J23116 SEQ ID NO: 62 constitutive promoter agctagotcagt cctagggactatgctago 
family member 

BBa J23117 SEQ ID NO: 63 constitutive promoter agctagotcagt cctagggattgttgctago 
family member 

BBa J23118 SEQ ID NO: 64 constitutive promoter ggctagotcagt cc tagg tattgttgctago 
family member 

BBa J23119 SEQ ID NO: 65 constitutive promoter agctagotcagt cctaggtataatgctago 
family member 

BBa J23150 SEQ ID NO: 66 1bp mutant from J23107 ggctagotcagt cc tagg tattatgctago 

BBa J23151 SEQ ID NO: 67 1bp mutant from J23114 ggctagotcagt cc tagg tacaatgctago 

BBa J44002 SEQ ID NO: 68 pBAD reverse aaagtgtgacgc.cgtgcaaataatcaatgt 

BBa J48104 SEQ ID NO: 69 NikR promoter, a gacgaatact taaaatcgt.catact tattt 
protein of the ribbon helix-helix family 
of transcription factors that repress expire 

BBa J542OO SEQ ID NO: 70 lacq. Promoter aalacctitt.cgcgg tatggcatgatagdgCC 

BBa J56015 SEQ ID NO : 71 lacIQ-promoter tgatagcgc.ccggalagagagt caatt Cagg 
sequence 

BBa Jó4951 SEQ ID NO: 72 E. coli CreABCD ttatttaccgtgacgaactaattgct cqtg 
phosphate sensing operon promoter 

BBa KO88007 SEQ ID NO: 73 GlnRS promoter catacgc.cgittatacgttgtttacgctittg 

BBa K119 OOO SEQ ID NO: 74 Constitutive weak titatgct tcc.ggct cqtatgttgttgttggac 
promoter of lacZ 

BBa K119001 SEQ ID NO: 75 Mutated Lacz promoter titatgct tcc.ggct cqtatggtgtgtggac 

BBa K137029 SEQ ID NO: 76 constitutive promoter atatatatatatatataatggaag.cgttitt 
With (TA) 10 between -10 and -35 
elements 

BBa K137030 SEQ ID NO: 77 constitutive promoter atatatatatatatataatggaag.cgttitt 
With (TA) 9 between -10 and -35 
elements 

BBa K137031 SEQ ID NO: 78 constitutive promoter cc.ccgaaagcttaagaatataattgtaagc 
With (C) 10 between -10 and -35 elements 

BBa K137032 SEQ ID NO: 79 constitutive promoter cc.ccgaaagcttaagaatataattgtaagc 
With (C) 12 between -10 and -35 elements 

BBa K137085 SEQ ID NO: 80 optimized (TA) repeat tgacaatatatatatatatataatgctago 
constitutive promoter with 1.3 bp 
between -1 O and -35 elements 
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TABLE 11 - continued 

Examples of Constitutive E. coli o' Promoters 

Name Description Promoter Sequence 

BBa K137086 SEQ ID NO: 81 optimized (TA) repeat . . . acaatatatatatatatatataatgctago 
constitutive promoter with 15 bp 
between -1 O and -35 elements 

BBa K137087 SEQ ID NO: 82 optimized (TA) repeat . . . aatatatatatatatatatataatgctago 
constitutive promoter with 17 bp 
between -1 O and -35 elements 

BBa K137088 SEQ ID NO: 83 optimized (TA) repeat . . . tatatatatatatatatatataatgctago 
constitutive promoter with 19 bp 
between -1 O and -35 elements 

BBa K137089 SEQ ID NO: 84 optimized (TA) repeat . . . tatatatatatatatatatataatgctago 
constitutive promoter with 21 bp 
between -1 O and -35 elements 

BBa K137090 SEQ ID NO: 85 optimized (A) repeat . . . aaaaaaaaaaaaaaaaaatataatgctago 
constitutive promoter with 17 bp 
between -1 O and -35 elements 

BBa K137091 SEQ ID NO: 86 optimized (A) repeat . . . aaaaaaaaaaaaaaaaaatataatgctago 
constitutive promoter with 18 bp 
between -1 O and -35 elements 

BBa K256002 SEQ ID NO : 87 J23101: GFP . . . Cacct tcgggtgggcCtttctg.cgtttata 

BBa K256O18 SEQ ID NO: 88 J23119: IFP . . . Cacct tcgggtgggcCtttctg.cgtttata 

BBa K256O2O SEQ ID NO: 89 J23119 : HO1 . . . Cacct tcgggtgggcCtttctg.cgtttata 

BBa K256033 SEQ ID NO: 90 Infrared signal reporter . . . Cacct tcgggtgggcCtttctg.cgtttata 
(J23119: IFP: J23119 : HO1) 

BBa K292OOO SEQ ID NO: 91 Double terminator + . . . g.gctagotcagt cctagg tacagtgctago 
constitutive promoter 

BBa K292 OO1 SEQ ID NO: 92 Double terminator + . . . tcc tagctact agagattaaagaggagaaa 
Constitutive promoter + Strong RBS 

BBa M13101 SEQ ID NO: 93 3KO7 gene I . . . cct gtttittatgttatt ct citctgtaaagg 
promoter 

BBa M13102 SEQ ID NO : 94 3KO7 gene II . . . aaatatttgcttatacaatct tcctgttitt 
promoter 

BBa M13103 SEQ ID NO: 95 3KO7 gene III . . . gotgataaac catacaattaaaggct cot 
promoter 

BBa M13104 SEQ ID NO: 96 3KO7 gene IV . . . citcttct cagcgtc.ttaatctaagctatog 
promoter 

BBa M13105 SEQ ID NO: 97 3KO7 gene V . . . atgagc.cagttcttaaaatcgcatalaggta 
promoter 

BBa M13106 SEQ ID NO: 98 3KO7 gene VI . . . c tattgattgttgacaaaataaacttatt co 
promoter 

BBa M13108 SEQ ID NO: 99 3KO7 gene VIII . . . gtttcgc.gcttggtataatcgctgggggit C 
promoter 

BBa M1311 O SEQ ID NO : 100 M13110 . . . ctittgctitctgactataatagt cagggitaa 

BBa M31519 SEQ ID NO: 101 Modified promoter . . . aaaccogatacaattaaaggctcc togctago 
sequence of g3. 

BBa R1074 SEQ ID NO : 102 Constitutive Promoter I . . . gocggaataact coctataatgcgccacca 

BBa R1O75 SEQ ID NO : 103 Constitutive Promoter II . . . gocggaataact coctataatgcgccacca 

BBa SO3331 SEQ ID NO : 104 ttgacaa.gcttitt cott cagotc.cgitaaact 
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TABLE 12 E 

Examples of Constitutive E. coli o' Promoters 

Identifier Sequence 

BBa J23119 SEQ ID NO : 105 ttgacagotagotcagt cct aggtataatgctago n/a 

BBa J2310 O SEQ ID NO : 106 ttgacggctagotcagt cctagg tacagtgctago 1. 

BBa J23101 SEQ ID NO : 107 tttacagotagotcagt cctagg tattatgctago O. 70 

BBa J23102 SEQ ID NO : 108 ttgacagotagotcagt cctagg tactgtgctago O.86 

BBa J23103 SEQ ID NO : 109 citgatagotagotcagt cct agggattatgctago O. O1 

BBa J23104 SEQ ID NO : O ttgacagotagct cagt cctagg tattgtgctago O. 72 

BBa J23105 SEQ ID NO : 1 tittacggctagotcagt cctagg tactatoctago O. 24 

BBa J23106 SEQ ID NO : 2 tittacggctagotcagt cottaggtatagtgctago O. 47 

BBa J23107 SEQ ID NO : 3 tittacggctagotcagocctagg tattatgctago O. 36 

BBa J23.108 SEQ ID NO : 4 ctgacagotagct cagt cottaggtataatgctago O. 51 

BBa J23109 SEQ ID NO : 5 titta cagotagct cagt cctaggg actgtgctago O. O4 

BBa J2311 O SEQ ID NO : 6 tittacggctagotcagt cctagg tacaatgctago O. 33 

BBa J23111 SEQ ID NO : 7 ttgacggctagotcagt cctaggtatagtgctago O. 58 

BBa J23112 SEQ ID NO : 8 citgatagotagct cagt cctagggattatgctago O. OO 

BBa J23113 SEQ ID NO : 9 citgatggctagotcagt cctagggattatgctago O. O1 

BBa J23114 SEQ ID NO: 12 O tittatggctagotcagt cct aggtacaatgctago O. 10 

BBa J23115 SEQ ID NO : 121 tittatagotagotcago ccttggtacaatgctago O. 15 

BBa J23116 SEQ ID NO : 122 ttgacagotagotcagt cct agggactatoctago O. 16 

BBa J23117 SEQ ID NO : 123 ttgacagotagotcagt cct agggattgtgctago O. O6 

BBa J23118 SEQ ID NO : 124 ttgacggctagotcagt cctagg tattgtgctago O. 56 

TABL E 13 

Examples of Constitutive E. coli o' Promoters 

Name Description Promoter Sequence 

BBa J45992 SEQ ID NO : 125 Full-length stationary phase . . . g.gtttcaaaattgttgatctatatttaacaa 
osmy promoter 

BBa J45993 SEQ ID NO: 126 Minimal stationary phase . . . g.gtttcaaaattgttgatctatatttaacaa 
osmy promoter 

TABL E 14 

Examples of Constitutive E. coli o' Promoters 

Name Description Promoter Sequence 

BBa J45504 SEQ ID NO : 127 htpG Heat Shock . . . tct attccaataaagaaatct tcc togcgtg 
Promoter 
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TABLE 1.5 E 

Examples of Constitutive B. subtilis o' Promoters 

Name Description Promoter Sequence 

BBa K143012 SEQ ID NO: 128 Promoter veg a . . . aaaaatgggctcgtgttgtacaataaatgt 
constitutive promoter for B. subtilis 

BBaK143 013 SEQ ID NO : 129 Promoter 43 a . . . aaaaaaag.cgc.gc.gattatgtaaaatataa 
constitutive promoter for B. subtilis 

TABL E 16 

Examples of Constitutive B. subtilis o Promoters 

Name Description Promoter Sequence 

BBa K143 010 SEQ ID NO : 13 O Promoter ct c for B. subtilis . . . atccttatcgittatggg tattgtttgtaat 

BBa K143 011 SEQ ID NO : 131 Promoter gsiB for B. subtilis . . . taaaagaattgtgagcgggaatacaacaac 

BBa K143 013 SEQ ID NO : 132 Promoter 43 a . . . aaaaaaag.cgc.gcgattatgtaaaatataa 
constitutive promoter for B. subtilis 

25 

TABL E 17 

Examples of Constitutive Promoters from Miscellaneous Prokaryotes 

Name Description Promoter Sequence 

BBa K112706 SEQ ID NO: 133 Pspv2 . . . tacaaaataattic ccct gcaaacattatca 
from Salmonella 

BBa K112707 SEQ ID NO : 134 Pspv from Salmonella . . . tacaaaataattic ccct gcaaacattatcg 

TABL E 18 

Examples of Constitutive Promoters from bacteriophace T7 

Name Description Promoter Sequence 

BBa I712074 SEQ ID NO: 135 T7 promoter (strong . . . agggaatacaa.gctacttgttctttittgca 
promoter from T7 bacteriophage) 

BBa I719 OO5 SEQ ID NO : 136 T7 Promoter taatacgact cactatagggaga 

BBa J34814 SEQ ID NO : 137 T7 Promoter gaatttaatacgact cact at agggaga 

BBa Jó4997 SEQ ID NO: 138 T7 consensus -10 and taatacgact cactatagg 
rest 

BBa K113010 SEQ ID NO: 139 overlapping T 7 . . . gagt cqtattaatacgact cactatagggg 
promoter 

BBa K113011 SEQ ID NO: 140 more overlapping T7 . . . agtgagtcgtact acgact cactatagggg 
promoter 

BBa K113 O12 SEQ ID NO : 141 weaken overlapping . . . gagt cqtattaatacgact ct ctatagggg 
T7 promoter 

BBa ROO 85 SEQ ID NO: 142 T7 Consensus taatacgact cactatagggaga 
Promoter Sequence 

BBa RO18O SEQ ID NO: 143 T7 RNAP promoter ttatacgact cactatagggaga 

BBa RO181 SEQ ID NO: 144 T7 RNAP promoter gaatacgact Cactatagggaga 

BBa RO182 SEQ ID NO: 145 T7 RNAP promoter taatacgt.ct Cactatagggaga 
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TABLE 1.8- continued 

Examples of Constitutive Promoters from bacteriophace T7 

Name Description Promoter Sequence 

BBa RO183 SEQ ID NO: 146 T7 RNAP promoter t catacgact cactatagggaga 

BBa ZO251 SEQ ID NO: 147 T7 strong promoter . . . taatacgact cactatagggagaccacaac 

BBa2O252 SEQ ID NO: 148 T7 weak binding and . . . taattgaact cactaaagggagaccacagc 
processivity 

BBa2O253 SEQ ID NO: 149 T7 weak binding . . . c9aagtaatacgact cact attagggaaga 
promoter 
SEO ID NO : 15 O T7 14.3 m attaac cct cactaaagggaga 

TABLE 1.9 

Examples of Constitutive Promoters from bacteriophace SP6 

Name Description Promoter Sequence 

BBa Jó4998 SEQ ID NO: 151 consensus -10 and rest from SP6 atttaggtgacactataga 

TABLE 2 O 

Examples of Constitutive Promoters from Yeast 

Name Description Promoter Sequence 

BBa I766555 SEQ ID NO: 152 pCyc (Medium) . . . acaaacacaaatacacacactalaattaata 
Promoter 

BBa I766556 SEQ ID NO: 153 pAdh (Strong) . . . ccaa.gcatacaat caactat ct catataca 
Promoter 

BBa I766557 SEQ ID NO: 154 pSte5 (Weak) . . . gatacaggatacagcggaaacaacttittaa 
Promoter 

BBa Jó3 OO5 SEQ ID NO : 155 yeast ADH1 promoter . . . tttcaagctataccalag catacaatcaact 

BBa K105O27 SEQ ID NO: 156 cyc100 minimal . . . cc tittgcagcatalaattact at acttictat 
promoter 

BBa K105O28 SEQ ID NO: 157 cyc70 minimal . . . cc tittgcagcatalaattact at acttictat 
promoter 

BBa K105O29 SEQ ID NO: 158 cyc43 minimal . . . cc tittgcagcatalaattact at acttictat 
promoter 

BBa K105030 SEQ ID NO: 159 cyc28 minimal . . . cc tittgcagcatalaattact at acttictat 
promoter 

BBa K105031 SEQ ID NO: 160 cyc16 minimal . . . cc tittgcagcatalaattact at acttictat 
promoter 

BBa K122OOO SEQ ID NO: 161 pPGK1 . . . titat Ctacttitttacaacaaatataaaa.ca 

BBa K124 OOO SEQ ID NO : 162 pCYC Yeast Promoter . . . acaaacacaaatacacacactaaattaata 

BBa K124 OO2 SEQ ID NO : 63 Yeast GPD (TDH3) . . . gttt cqaataalacacacataaacaaacaaa 
Promoter 

BBa M31.201 SEQ ID NO : 164 Yeast CLB1 promoter . . . ac catcaaaggaagctittaatcttct cata 
region, G2/M cell cycle specific 
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TABL E 21 

38 

Examples of Constitutive Promoters from Miscellaneous Eukaryotes 

Name Descr iption Promoter Sequence 

BBaI712004 SEQ ID NO : 

BBa KO76O17 SEQ ID NO : 

165 CMV promoter 

166 Uloc Promoter 

agaac cc actgct tactggcttatcgaaat 

ggc.cgtttittggctttitttgttagacgaag 

TABL E 22 

Examples of Cell Signaling Promoters 

Name 

BBa 

BBa 

BBa 

BBa 

BBa 

BBa 

BBa 

BBa 

14 O15 

14 O16 

14 O17 

7391. OS 

74 6104 

75.15 O1. 

75.15 O2 

76.1011 

BBa JO 64 O3 

BBa J64 OOO 

BBa Jó4010 

BBa J64 O67 

BBa J6471-2 

BBa 

BBa 

BBa 

BBa 

BBa 

BBa 

BBa 

BBa 

BBa 

BBa 

KO911. Of 

K091117 

KO91143 

KO91146 

KO911.56 

KO91157 

K145150 

K266 OOO 

K266 OOS 

Description 

SEQ ID NO: 167 Lux cassette right 
promoter 

SEQ ID NO: 168 P (Las) Teto 

SEQ ID NO: 169 P (Las) CIO 

SEO ID NO : 17 O P (Rhl) 

SEQ ID NO: 171 Double Promoter 
(LuxR/HSL, positive/cI, negative) 

SEQ ID NO: 172 P2 promoter in agr 
operon from S. aureus 

SEQ ID NO: 173 plux-cI hybrid 
promoter 

SEQ ID NO: 174 plux-lac hybrid 
promoter 

SEQ ID NO: 175 CinR CinL and 
glucose controlled promoter 

SEQ ID NO: 176 RhIR promoter 
repressible by CI 

SEQ ID NO: 177 rhill promoter 

SEQ ID NO: 178 lasI promoter 

SEQ ID NO: 179 LuxR + 3OC6HSL 
independent ROO65 

SEQ ID NO: 18 O LasR/LasI Inducible & . 
RHLR/RHLI repressible Promoter 

SEQ ID NO: 181 pLux/cI Hybrid 

SEQ ID NO : 182 pI as promoter 

SEQ ID NO: 183 pLas/cI Hybrid 
Promoter 

SEQ ID NO: 184 pLas/Lux Hybrid 
Promoter 

SEQ ID NO: 185 pLux 

SEQ ID NO: 186 pLux/Las Hybrid 
Promoter 

SEQ ID NO: 187 Hybrid promoter: 
HSL-LuxR activated, P22 C2 repressed 

SEQ ID NO: 188 PAI + LasR -> LuxI 
(AI) 

SEQ ID NO: 189 PAI + LasR -> LaSI & 
AI + LuxR -- Las I 

SEQ ID NO : 19 O PAI + LasR -> 
Las I + GFP & AI + LuxR - - Las I 
- GFP 

Promoter Sequence 

tgttatagt caatacctctggcggtgata 

ttittgg tacactic cctato agtgatagaga 

citttittgg tacactacctctgg.cggtgata 

tacgcaagaaaatggitttgttatagt caa 

cgtgcgtgttgatalacaccgtgcgtgttga 

agattgtactaaatcgtataatgacagtga 

gtgttgatgcttittatc accgc.ca.gtggta 

agtgttgttggaattgtgagcggataacaatt 

acat cittaaaagttittagtat catatt cqt 

tacgcaagaaaatggitttgttatagt caa 

atcc toctittagt ct tcc.ccct catgtgtg 

taaaattatgaaatttgcatalaattctt.ca 

gtgttgactattt tacctctggcggtgata 

gaaatctggcagtttittgg tacacgaaagc 

acaccgtgcgtgttgat at agtcgaataaa 

aaaattatgaaatttgtataaattcttcag 

ggttctttittggtacct ctggcggtgataa 

tgtaggat.cgtacaggtataaattcttcag 

caagaaaatggitttgttatagt cqaataaa 

citat ct catttgctagtatagt cqaataaa 

tagtttataatttaagtgttctittaattitc 

caccitt.cgggtgggc ctittctgcgtttata 

aataactctgatagtgctagtgtagat citc 

caccitt.cgggtgggc ctittctgcgtttata 
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TABLE 22 - continued 

Examples of Cell Sicinalind Promoters 

Name Description Promoter Sequence 

BBa K26.6007 SEQ ID NO: 191 Complex QS -> LuxI . . . cacctt.cgggtgggc ctittctgcgtttata 
& LaSI circuit 

BBa ROO 61 SEQ ID NO : 192 Promoter (HSL- ttgacacctgtaggat.cgtacaggtataat 
mediated luxR repressor) 

BBa ROO62 SEQ ID NO : 193 Promoter (luxR & . . . caagaaaatggtttgttatagt caataaa 
HSL regulated -- lux pR) 

BBa ROO 63 SEQ ID NO : 194 Promoter (luxR & . . . cacgcaaaacttgcgacaaacaat aggtaa 
HSL regulated -- lux pI) 

BBa ROOf1 SEQ ID NO : 195 Promoter (RhlR & C4- . . . gttagctitt.cgaattggctaaaaagtgttc 
HSL regulated) 

BBa ROOf8 SEQ ID NO : 196 Promoter (cinR and . . . cc attctgctitt.ccacgaacttgaaaacgc 
HSL regulated) 

BBa ROOTS SEQ ID NO : 197 Promoter (Las R & PAI . . . gg.ccg.cgggttctttittgg tacacgaaag.c 
regulated) 

BBa R1O 62 SEQ ID NO : 198 Promoter, Standard . . . aagaaaatggtttgttgat acticgaataaa 
(luxR and HSL regulated -- lux pR) 

TABLE 23 

Examples of Metal Inducible Promoters 

Name Description Promoter Sequence 

BBa I721001 SEQ ID NO : 199 Lead Promoter . . . galaa accttgtcaatgaagagcgatctatg 

BBa I731004 SEQ ID NO: 2O0 FecA promoter . . . ttct cqttcgact catagotgaacacaa.ca 

BBaI76 OOO5 SEQ ID NO: 2O1 Cu sensitive atgacaaaattgt cat 
promoter 

BBa I765OOO SEQ ID NO: 202 Fe promoter . . . accalatgctgggaacggc.cagggcacctaa 

BBaI765OO7 SEQ ID NO: 2O3 Fe and UW . . . ctgaaag.cgcataccgctatggagggggtt 
promoters 

BBa J39 O2 SEQ ID NO: 2O4. PrPe (PI + PII rus . . . tagatatgcctgaaag.cgcataccgctato 
operon) 

TABLE 24 

Examples of T7 Promoters 

Name Description Promoter Sequence 

BBa I712074 SEQ ID NO: 205 T7 promoter (strong . . . agggaatacaagctacttgttctttittgca 
promoter from T7 bacteriophage) 

BBaI719 OO5 SEQ ID NO: 2O6 T7 Promoter taatacgact cact at agggaga 

BBa J34814 SEQ ID NO: 2O7 T7 Promoter gaatttaatacgactic act at agggaga 

BBa Jó4997 SEQ ID NO: 2O8 T7 consensus -10 and taatacgact cactatagg 
rest 

BBa Jó4998 SEQ ID NO: 209 consensus -10 and rest atttaggtgacactataga 
from SP6 

BBa K113010 SEQ ID NO: 210 overlapping T 7 . . . gagt cqtattaatacgact cactatagggg 
promoter 
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TABLE 24 - continued 

Examples of T7 Promoters 

Name Description Promoter Sequence 

BBa K113011 SEQ ID NO: 211 more overlapping T7 . . . agtgagtcgtact acgact cactatagggg 
promoter 

BBa K113 O12 SEQ ID NO: 212 weaken overlapping . . . gagt cqtattaatacgact ct ctatagggg 
T7 promoter 

BBa ROO85 SEQ ID NO: 213 T7 Consensus taatacgact cact at agggaga 
Promoter Sequence 

BBa RO18O SEQ ID NO: 214 T7 RNAP promoter ttatacgact cact at agggaga 

BBa RO181 SEQ ID NO: 215 T7 RNAP promoter gaatacgact cact at agggaga 

BBa RO182 SEQ ID NO: 216 T7 RNAP promoter taatacgt.ct cact at agggaga 

BBa RO183 SEQ ID NO: 217 T7 RNAP promoter t catacgact cact at agggaga 

BBa RO184 SEQ ID NO: 218 T7 promoter (lacI . . . at aggggaattgtgagcggataacaatticc 
repressible) 

BBa RO185 SEQ ID NO: 219 T7 promoter (lacI . . . at aggggaattgtgagcggataacaatticc 
repressible) 

BBa RO186 SEQ ID NO: 220 T7 promoter (lacI . . . at aggggaattgtgagcggataacaatticc 
repressible) 

BBa RO187 SEQ ID NO: 221 T7 promoter (lacI . . . at aggggaattgtgagcggataacaatticc 
repressible) 

BBa2O251 SEQ ID NO: 222 T7 strong promoter . . . taatacgact Cactatagggagaccacaac 

BBa2O252 SEQ ID NO: 223 T 7 weak binding and . . . taattgaact Cactaaagggagaccacagc 
processivity 

BBa2O253 SEQ ID NO: 224 T 7 weak binding . . . c9aagtaatacgact cact attagggaaga 
promoter 

TABLE 25 

Examples of Stress Kit Promoters 

Name Description Promoter Sequence 

BBa KO86O17 SEQ ID NO: 225 unmodified Lutz- . . . ttgtgagcggataacaagatact gag caca 
Bujard Laco promoter 

BBa KO86O18 SEQ ID NO: 226 modified Lutz-Bujard . . . ttgtgagcggataacaattctgaagaacaa 
LacO promoter, with alternative sigma 
factor O24 

BBa KO86O19 SEQ ID NO: 227 modified Lutz-Bujard . . . ttgtgagcggataacaattctgataaaa.ca 
LacO promoter, with alternative sigma 
factor O24 

BBa KO86O2O SEQ ID NO: 228 modified Lutz-Bujard . . . ttgtgagcggata acat ct aaccctittaga 
LacO promoter, with alternative sigma 
factor O24 

BBa KO86O21 SEQ ID NO: 229 modified Lutz-Bujard . . . ttgtgagcggata acat agcagataagaaa 
LacO promoter, with alternative sigma 
factor O24 

BBa KO86022 SEQ ID NO: 23 O modified Lutz-Bujard . . . gtttgagcgagtaacgc.cgaaaatcttgca 
LacO promoter, with alternative sigma 
factor O28 

BBa KO86O23 SEQ ID NO: 231 modified Lutz-Bujard . . . gtgtgagcgagtaacgacgaaaatcttgca 
LacO promoter, with alternative sigma 
factor O28 
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TABLE 25- continued 
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Examples of Stress Kit Promoters 

Name 

BBa 

BBa 

BBa 

BBa 

BBa 

BBa 

BBa 

BBa 

BBa 

KO86031 

KO86032 

BBa 

Description 

SEQ ID NO: 232 
LacO promoter, 
factor O28 

SEQ ID NO: 233 
LacO promoter, 
factor O28 

SEQ ID NO: 234 
LacO promoter, 
factor O32 

SEQ ID NO: 235 
LacO promoter, 
factor O32 

SEQ ID NO: 236 
LacO promoter, 
factor O32 

SEO ID NO. 237 
LacO promoter, 
factor O32 

SEQ 
acC 

D NO : 238 

promoter, 
factor O38 

SEQ ID NO: 239 
LacO promoter, 
factor O38 

SEQ ID NO: 24 O 
LacO promoter, 
factor O38 

SEQ ID NO: 241 
LacO promoter, 
factor O38 

mod 
Wit 

mod 
Wit 

mod 
Wit 

mod 
Wit 

mod 
Wit 

mod 
Wit 

mod 
Wit 

mod 

wit 

mod 
Wit 

mod 
Wit 

Promoter Sequence 

ified 
a 

Lutz-Bujard 
ternative sigma 

ified 
a 

Lutz-Bujard 
ternative sigma 

ified 
a 

Lutz-Bujard 
ternative sigma 

ified 
a 

Lutz-Bujard 
ternative sigma 

ified Lutz-Bujard 
h alternative sigma 

ified 
a 

Lutz-Bujard 
ternative sigma 

ified 
a 

Lutz-Bujard 
ternative sigma 

ified 

ternative sigma 
Lutz-Bujard 

a 

ified 
a 

Lutz-Bujard 
ternative sigma 

ified 
a 

Lutz-Bujard 
ternative sigma 

TABL E 26 

tttgagcgagtaa.ca.gc.cgaaaatcttgca 

tgtgagcgagtaa.ca.gc.cgaaaatcttgca 

ttgtgagcgagtggCaccattaagtacgta 

ttgtgagcgagtgacac cattaagtacgta 

ttgtgagcgagta acac cattaagtacgta 

ttgtgagcgagta acac cattaagtacgta 

cagtgagcgagtaacaact acgctgttitta 

cagtgagcgagtaacaact acgctgttitta 

atgtgagcggata acactata attaataga 

atgtgagcggata acactata attaataga 

Examples of Lodic Promoters 

Name 

BBa 

BBa 

BBa 

BBa 

BBa 

BBa 

BBa 

BBa 

7322 OO 

7322 O2 

7322O3 

7322O4. 

7322 OS 

7322 Of 

Description 

SEQ 
Fami 

D NO : 242 
ember y 

SEQ 
Fami 

NO: 243 
ember 

SEQ 
Fami 

NO: 244 
ember 

SEQ 
Fami 

NO: 245 
ember 

NO: 246 
ember 

SEQ 
Fami 

SEQ 
Fami 

NO: 247 
ember 

NO: 248 
ember 

SEQ 
Fami 

SEQ 
Fami 

NO: 249 
ember y 

NOT 

(DOO 

NOT 

(DOO 

NOT 

(DOO 

NOT 

(DOO 

NOT 

(DOO 

NOT 

(DOO 

NOT 

(DOO 

NOT 

(DOO 

Promoter Sequence 

Gate Promoter 

O1Wt1) 

Gate 

O11) 
Promoter 

Gate 

O22) 
Promoter 

Gate 

O33) 
Promoter 

Gate 

O44) 
Promoter 

Gate 

O55) 
Promoter 

Gate 

O66) 
Promoter 

Gate 

O77) 
Promoter 

gaattgtgagcggataacaattggat.ccgg 

ggaattgtgagcgct cacaattggat.ccgg 

ggaattgtaag.cgct tacaattggat.ccgg 

ggaattgtaaacgtttacaattggat.ccgg 

ggaattgttgaacgttcacaattggat.ccgg 

ggaattittgagcgct caaaattggat.ccgg 

ggaattatgagcgct cataattggat.ccgg 

gggacgactgtatacagt catcggat.ccgg 
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TABLE 27 E 

Examples of Positively Reculated E. coli O70 Promoters 

Name Description Promoter Sequence 

BBal IO500 SEQ ID NO: 320 Inducible 
pBad/araC promoter 

gtttct coat accc.gtttittittgggctago 

BBa I1051 SEQ ID NO: 321 Lux cassette right tgttatagt caatacctctggcggtgata 
promoter 

BBa I12 OO6 SEQ ID NO: 322 Modified lamdba attacaaactittcttgtatagatttalacgt. 
Prm promoter (repressed by 434 
cI) 

BBa I12 OO7 SEQ ID NO: 323 Modified lambda atttataaatagtggtgatagatttalacgt. 
Prm promoter (OR-3 obliterated) 

BBa I12O36 SEQ ID NO: 324. Modified lamdba tttcttgtatagatttacaatgitat cittgt 
Prm promoter (cooperative 
repression by 434 cI) 

BBa I1204 O SEQ ID NO: 325 Modified lambda tttcttgtagatact tacaatgitat cittgt 
P (RM) promoter: -10 region from 
P (L) and cooperatively repressed 
by 434 cI 

BBa I12210 SEQ ID NO: 326 plac Or2-62 ctittatgctt.ccggct cqtatgttgttgttgg 
(positive) 

BBa I134O6 SEQ ID NO: 327 Pbad/AraC with tttitttgggctagoaa.gctttaccatggat 
extra REN sites 

BBa I13453 SEQ ID NO: 328 Pbad promoter tgtttct coat accotttittittgggctago 

BBaI14 O15 SEQ ID NO: 329 P (Las) Teto ttittgg tacactic cctato agtgatagaga 

BBa I14O16 SEQ ID NO : 33 OP (Las) CIO Ctttittgg tacactacctctggcggtgata 

BBaI14 O17 SEQ ID NO : 331 P (Rhl) tacgcaagaaaatggitttgttatagt caa 

BBa I721001 SEQ ID NO : 332 Lead Promoter gaaaac Cttgtcaatgaagagcgatctatg 

BBaI723 O2O SEQ ID NO : 333 Pul ct caaag.cgggc.ca.gc.cgtagc.cgttacgc 

BBa I731004 SEQ ID NO: 334 FecA promoter ttct cott cqact catagotgaacacaa.ca 

BBa I7391.04 SEQ ID NO : 335 Double Promoter gttctittaattatttaagtgttctittaatt 
(LuxR/HSL, positive/P22 cII, 
negative) 

BBa I739105 SEQ ID NO : 336 Double Promoter cgtgcgtgttgatalacaccgtgcgtgttga 
(LuxR/HSL, positive/cI, 
negative) 

BBa I741018 SEQ ID NO: 337 Right facing gttacgtttatcqcggtgattgttactitat 
promoter (for xylF) controlled by 
xylR and CRP- cAMP 

BBa I741019 SEQ ID NO: 338 Right facing gcaaaataaaatggaatgatgaaactgggit 
promoter (for xylA) controlled by 
xylR and CRP- cAMP 

BBa I741020 SEQ ID NO: 339 promoter to xylF gttacgtttatcqcggtgattgttactitat 
without CRP and several binding 
sites for xylR 

BBa I741021 SEQ ID NO: 340 promoter to xylA attt cacactgctattgagataatticacaa 
without CRP and several binding 
sites for xylR 

BBa I746104 SEQ ID NO: 341 P2 promoter in agr agattgtactaaatcgtataatgacagtga 
operon from S. aureus 

BBa I746360 SEQ ID NO: 342 PF promoter from gacatcto cqgcgcaactgaaaataccact 
P2 phage 

BBa I746361 SEQ ID NO. 343 PO promoter from gaggatgcgcatcgt.cgggaalactgatgcc 
P2 phage 



US 8,645,115 B2 
53 54 

TABLE 27-continued 

Examples of Positively Reculated E. coli O70 Promoters 

Name Description Promoter Sequence 

BBa I746362 SEQ ID NO. 34.4 PP promoter from catc.cgggactgatggcggaggatgcgcat 
P2 phage 

BBa I746363 SEQ ID NO. 345 PV promoter from aacttittatatattgtgcaat citcacatgc 
P2 phage 

BBa I746364 SEQ ID NO: 346 Psid promoter tgttgtc.cggtgtacgt cacaattitt citta 
from P4 phage 

BBa I746365 SEQ ID NO. 347 PLL promoter aatggctgtgtgtttitttgttcatct coac 
from P4 phage 

BBa I751501 SEQ ID NO. 348 plux-cI hybrid gtgttgatgcttittatc accgc.ca.gtggta 
promoter 

BBa I751502 SEQ ID NO: 349 plux-lac hybrid agtgttgttggaattgtgagcggataacaatt 
promoter 

BBaI76 OOO5 SEQ ID NO: 350 Cul-sensitive atgacaaaattgtcat 
promoter 

BBa I761011 SEQ ID NO: 351 CinR, CinL and acat cittaaaagttittagtat catatt cqt 
glucose controlled promoter 

BBa I765OO1 SEQ ID NO: 352 UV promoter ctgaaag.cgcataccgctatggagggggitt 

BBa I765OO7 SEO ID NO : 353 Fe and UV ctgaaag.cgcataccgctatggagggggitt 
promoters 

BBa JO1005 SEQ ID NO: 354 pspoIIE promoter aacgaatataa.caggtgggagatgagagga 
(spo OA. JO1004, positive) 

BBa JO3OO7 SEQ ID NO: 355 Maltose specific aatattitcct catttitccacagtgaagtga 
promoter 

BBa JO6403 SEQ ID NO: 356 RhIR promoter tacgcaagaaaatggitttgttatagt caa 
repressible by CI 

BBa JO7007 SEQ ID NO: 357 citx promoter atttaattgttittgat caattatttittctg 

BBa J13210 SEQ ID NO: 358 pompR dependent attatt Ctgcatttittggggagaatggact 
POPS producer 

BBa J15502 SEQ ID NO: 359 copA promoter cc ttgctggaaggtttalacct titat cacag 

BBa J16101 SEQ ID NO: 360 BanAp - Banana- atgatgtgtc. catggatta 
induced Promoter 

BBa J16105 SEQ ID NO: 361 HelPp - 'Help" atgatagacgatgtgcggacaacgtg 
Dependant promoter 

BBa J45503 SEQ ID NO: 362 hybB Cold Shock cattagcc.gc.cac catggggittaagtagca 
Promoter 

BBa J58 100 SEQ ID NO: 363 AND-type atttataaatagtggtgatagatttalacgt. 
promoter synergistically activated 
by cI and CRP 

BBa Jó1051 SEQ ID NO: 364 Psal1 at aaa.gc.cat cacgagtaccatagaggatc 

BBa Jó1054 SEQ ID NO: 365 HIP-1 Promoter tttgtc.ttittcttgcttaataatgttgtca 

BBa Jó1055 SEQ ID NO: 366 (HIP-1fnir tttgtc.ttittcttgcttaataatgttgtca 
Promoter 

BBa Jó4 OOO SEQ ID NO: 367 rhill promoter atcc toctittagt ct tcc.ccct catgtgtg 

BBa Jó4010 SEQ ID NO: 368 lasI promoter taaaattatgaaatttgcatalaattctt.ca 

BBa Jó4712 SEQ ID NO: 369 LasR/LasI gaaatctggcagtttittgg tacacgaaagc 
Inducible & RHLR/RHILI 
repressible Promoter 
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TABLE 27-continued 

Examples of Positively Reculated E. coli O70 Promoters 

Name Description Promoter Sequence 

BBa Jó48OO SEQ ID NO : 370 RHLR/RHILI . . . tcc agttctggCaggit ctaaaaagtgttc 
Inducible & LasR/LaSI repressible 
Promoter 

BBa Jó4804 SEQ ID NO: 371 The promoter . . . cacagaacttgcatttatatalaagggaaag 
region (inclusive of regulator 
binding sites) of the B. subtilis 
RocDEF operon 

BBa KO91107 SEQ ID NO: 372 pLux/cI Hybrid . . . acaccgtgcgtgttgat at agtcgaataaa 
Promoter 

BBa KO91117 SEQ ID NO: 373 pLas promoter . . . aaaattatgaaatttgtataaattcttcag 

BBa KO91143 SEQ ID NO: 374 pLas/cI Hybrid . . . ggttctttittggtacct ctggcggtgataa 
Promoter 

BBa KO91146 SEQ ID NO: 375 pLas/Lux Hybrid . . . ttaggat.cgtacaggtataaatt Cttcag 
Promoter 

BBa KO91156 SEQ ID NO: 376 pLux . . . caagaaaatggtttgttatagt caataaa 

BBa KO91157 SEQ ID NO: 377 pLux/Las Hybrid . . . citat ct catttgctagtatagt cqaataaa 
Promoter 

BBa K10OOOO SEQ ID NO: 378 Natural Xylose . . . gttacgtttatcqcggtgattgttactitat 
Regulated Bi-Directional Operator 

BBa K10OOO1 SEQ ID NO: 379 Edited Xylose . . . gttacgtttatcqcggtgattgttactitat 
Regulated Bi-Directional Operator 1 

BBa K10OOO2 SEQ ID NO: 380 Edited Xylose . . . gttacgttitat cqcggtgattgtt actitat 
Regulated Bi-Directional Operator 2 

BBa K112118 SEQ ID NO: 381 rrnB P1 promoter . . . at aaatgcttgactctgtagcgggaaggcg 

BBa K11232O SEQ ID NO: 382 {<ftsAZ promoter >} . . . aaaactggtag taggactggagattggtac 
in BBb format 

BBa K112322 SEQ ID NO: 383 {Pdps in BBb . . . gggacacaaac at Caagaggatatgagatt 
format 

BBa K112402 SEQ ID NO: 384 promoter for FabA . . . gtcaaaatgaccgaaacgggtggtaact tc 
gene - Membrane Damage and 
Ultrasound Sensitive 

BBa K1124 O5 SEQ ID NO: 385 Promoter for . . . agtaatctitat cqc.cagtttggtctggt ca 
CadA and CadB genes 

BBa K1124O6 SEQ ID NO: 386 cadC promoter . . . agtaatctitat cqc.cagtttggtctggt ca 

BBa K112701 SEQ ID NO: 387 has promoter . . . aattctgaacaa.catcc.gtact citt.cgtgc 

BBa K1129 OO SEQ ID NO: 388 Pbad . . . tcgataagattaccgat cittacctgaagct 

BBa K116001 SEQ ID NO: 389 nhaA promoter, . . . coat ct attcacctgaaagagaaataaaaa 
which can be regulated by pH and 
nhaR protein. 

BBa K116401 SEQ ID NO: 390 external phosphate . . . at cqcaacct atttattacaacac tagtgc 
sensing promoter 

BBa K116500 SEQ ID NO: 391 OmpF promoter . . . aaacgttagtttgaatggaaagatgcctgc 
that is activated or repressed by 
OmpR according to osmolarity. 

BBa K116603 SEQ ID NO: 392 pRE promoter . . . tttgcacgaac catatgtaagtattt cott 
from a phage 

BBa K117OO2 SEQ ID NO: 393 LisrA promoter . . . taac acttatttaattaaaaagaggagaaa 
(indirectly activated by AI-2) 

BBa K118011 SEQ ID NO: 394 PostA (glucose- . . . tagaaacaaaatgta acat ct citatggaca 
repressible promoter) 
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TABLE 27-continued 

Examples of Positively Reculated E. coli O70 Promoters 

Name Description Promoter Sequence 

BBa K121011 SEQ ID NO: 395 promoter (lacI acaggaalacagctatgacCatgattacgc.c 
regulated) 

BBa K135OOO SEQ ID NO: 396 pCpxR (CpxR agcgacgtctgatgacgtaatttctgcct c 
responsive promoter) 

BBa K136O10 SEQ ID NO: 397 fliA promoter gttcactictat accgctgaaggtgtaatgg 

BBa K145150 SEQ ID NO: 398 Hybrid promoter: tagtttataatttaagtgttctittaattitc 
HSL-LuxR activated P22 C2 
repressed 

BBa K18OOOO SEQ ID NO: 399 Hybrid promoter cgagcactitcaccaacaaggaccatagoat 
(trp & lac regulated -- tac pR) 

BBa K18OOO2 SEQ ID NO: 400 tac pR testing caccitt.cgggtgggc ctittctgcgtttata 
plasmid (GFP) 

BBa K18OOO3 SEQ ID NO: 401 PTAC testing catggcatggatgaactatacaaataataa 
plasmid (GFP) - basic 

BBa K18 OOO4 SEQ ID NO: 402 Game of Life - caccitt.cgggtgggc ctittctgcgtttata 
Primary plasmid 

BBa K18OOO5 SEQ ID NO: 403 GoL - Primary caccitt.cgggtgggc ctittctgcgtttata 
plasmid (part 1)/RPS - Paper 
primary plasmid (part 1) LuxR 
generator 

BBa K18 OOO6 SEQ ID NO: 404 Game of Life - caccitt.cgggtgggc ctittctgcgtttata 
Primary plasmid (part 2) lux pR, 
GFP and LacI generator 

BBa K18 OOO7 SEQ ID NO: 405 Game of Life - caccitt.cgggtgggc ctittctgcgtttata 
Secondary plasmid tac pR, LuxI 
generator 

BBa K18 OO10 SEQ ID NO: 406 Rock-paper- caccitt.cgggtgggc ctittctgcgtttata 
scissors - Rock primary plasmid 

BBa K180011 SEQ ID NO: 407 Rock - Primary caccitt.cgggtgggc ctittctgcgtttata 
plasmid (part 1) RhlR generator 

BBa K18 OO12 SEQ ID NO: 408 Rock - Primary caccitt.cgggtgggc ctittctgcgtttata 
plasmid (part 2) tac pR, mCherry 
and LaSI generator 

BBa K18 OO13 SEQ ID NO: 409 Rock-paper- caccitt.cgggtgggc ctittctgcgtttata 
scissors - Rock secondary plasmid 
rhl pR, LacI generator 

BBa K18 OO14 SEQ ID NO: 410 Rock-paper- caccitt.cgggtgggc ctittctgcgtttata 
scissors - Paper primary plasmid 

BBa K18 OO15 SEQ ID NO: 411 Paper - Primary caccitt.cgggtgggc ctittctgcgtttata 
plasmid (part 2) tac pR, GFP and 
RhlI generator 

BBa K180016 SEQ ID NO: 412 Rock-paper- caccitt.cgggtgggc ctittctgcgtttata 
scissors - Paper secondary plasmid 
lux pR, LacI generator 

BBa K180017 SEQ ID NO: 413 Rock-paper- caccitt.cgggtgggc ctittctgcgtttata 
scissors - Scissors primary plasmid 

BBa K180018 SEQ ID NO: 414 Scissors - Primary caccitt.cgggtgggc ctittctgcgtttata 
plasmid (part 1) LasR generator 

BBa K18 OO19 SEQ ID NO: 415 Scissors - Primary caccitt.cgggtgggc ctittctgcgtttata 
plasmid (part 2) tac pR, mBanana 
and LuxI generator 

BBa K18002O SEQ ID NO: 416 Rock-paper- caccitt.cgggtgggc ctittctgcgtttata 
scissors - Scissors secondary 
plasmid las pR, LacI generator 
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TABLE 27-continued 

Examples of Positively Reculated E. coli O70 Promoters 

Name Description Promoter Sequence 

BBa K2O6OOO SEQ ID NO: 417 pBAD strong . . . tdtttct coat accotttittittgggctago 

BBa K2O6001 SEQ ID NO: 418 pBAD weak . . . tdtttct coat accotttittittgggctago 

BBa K259 OO5 SEQ ID NO: 419 AraC Rheostat . . . ttittatcgcaact ct ct actgtttct coat 
Promoter 

BBa K259 OO7 SEQ ID NO: 42O AraC Promoter . . . gtttct coattactagagaaagaggggaca 
fused with RBS 

BBa K266 OOO SEQ ID NO: 421 PAI + LasR -> LuxI . . . cacctt.cgggtgggc ctittctgcgtttata 
(AI) 

BBa K266 OO5 SEQ ID NO: 422 PAI + LasR -> LaSI . . . aataactctgatagtgctagtgtagatcto 
& AI + LuxR -- Las I 

BBa K266 OO6 SEQ ID NO: 423 PAI + LasR -> . . . cacctt.cgggtgggc ctittctgcgtttata 
Las I + GFP & AI + LuxR - - 
Las - GFP 

BBa K26.6007 SEQ ID NO: 424 Complex QS -> . . . cacctt.cgggtgggc ctittctgcgtttata 
LuxI & LaSI circuit 

25 

TABLE 28 TABLE 29- continued 

Examples of Positively regulated E. coli OS Examples of Positively regulated E. coli O32 
promoters promoters 

Name Description Promoter Sequence 30 Name Description Promoter Sequence 

BBa K112322 SEQ ID NO: 425 . . . g.gga Cacaaaca and Ultrasound 
{Pdps in BBb format tcaagaggatatgagatt Sensitive 

35 

TABLE 29 TABLE 3 O 

Examples of Positively regulated E. coli O32 Examples of Positively regulated E. coli O'54 
Oromoters Oromoters 

Name Description Promoter Sequence 40 Name Description Promoter Sequence 

BBa K1124 OO SEQ ID NO: 426 . . . at aataagcgaagtt BBa Jó4979 SEQ ID NO: 427 . . . agttggcacagattitcgc 
Promoter for grpE agcgagatgaatgcg glnap2 tittat citt t t t t 
gene - Heat Shock 

TABL E 31 

Examples of Positively regulated B. subtilis OA promoters 

Name Description Promoter Sequence 

BBa ROO62 SEQ ID NO: 428 Promoter (luxR & HSL . . . Caagaaaatggtttgttatagt caataaa 
regulated -- lux pR) 

BBa ROO65 SEQ ID NO: 429 Promoter (lambda cI and . . . gtgttgact attittacct Ctggcggtgata 
luxR regulated -- hybrid) 

BBaROO71 SEQ ID NO: 43 O Promoter (RhlR & C4-HSL . . . gttagctitt caattggctaaaaagttgttc 
regulated) 

BBa ROO78 SEQ ID NO: 431 Promoter (cinR and HSL . . . c cattctgctitt coacgaacttgaaaacgc 
regulated) 

BBa ROO79 SEQ ID NO: 432 Promoter (LasR & PAI . . . g.gc.cgcgggttctttittggtacacgaaagc 
regulated) 

BBa ROO80 SEQ ID NO: 433 Promoter (AraC regulated) . . . ttittatcgcaactcitctactgtttctocat 

BBa ROO82 SEQ ID NO : 434 Promoter (OmpR, positive) . . . attatt ctogcatttittggggagaatggact 

BBa ROO83 SEQ ID NO : 435 Promoter (OmpR, positive) . . . attatt ctogcatttittggggagaatggact 
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TABLE 31-continued 

Examples of Positively reculated B. subtilis OA promoters 

Name Description Promoter Sequence 

BBa ROO84 SEQ ID NO : 43 6 Promoter (OmpR, positive) . . . aacgittagtttgaatggaaagatgcctgca 

BBaR1062 SEQ ID NO : 437 Promoter, Standard (luxR . . . aagaaaatggitttgttgat actic gaataaa 
and HSL regulated -- lux pR) 

TABLE 32 

Examples of Miscellaneous Prokaryotic Induced Promoters 

Name Description Promoter Sequence 

BBa Jó4001 SEQ ID NO: 438 psicA . . . alacgcagtcgittaagttc 
from Salmonella tacaaagttctggit 

BBa Jó475 O SEO ID NO : 439 SPI- 1 TTSS . . . g toggtgacagataa 
secretion-linked promoter Caggagtaagtaatg 
from Salmonella 

BBa K112149 SEQ ID NO: 440 PmgtcB . . . tattggctgactataat 
Magnesium promoter aag.cgcaaattica 
from Salmonella 

BBa K116201 SEQ ID NO: 441 ureD promoter 
from P mirabilis 

BBa K125100 SEQ ID NO: 442 nir promoter . . . c.gaaacgggaac ccta 
from Synechocystis sp. tattgat ct ctact 
PCC68O3 

BBa K131017 SEQ ID NO: 443 p qrr4 . . . aagttgg cacgcatcgtg 
from Vibrio harveyi ctittatacagat 

TABLE 33 

Examples of Yeast Positive (Activatible) Promoters 

Name Description Promoter Sequence 

BBa Jó3 OO6 SEQ ID NO: 444 yeast GAL.1 . . . gaggaaact agaccc.gc.cgccaccatggag 
promoter 

BBa K2840 O2 SEQ ID NO: 445 JEN1 Promoter from . . . gagtaac caaaac caaaacagatttcaacc 
Kluyveromyces lactis 

BBa K106699 SEQ ID NO: 446 Gall Promoter . . . aaagtaagaatttittgaaaattcaatataa 

BBa K165041 SEQ ID NO: 447 Zif 2 68-HIV binding . . . at acggit caacgaactataattaactaaac 
sites + TEF constitutive yeast 
promoter 

BBa K165034 SEQ ID NO: 448 Zif268-HIV bs + . . . cacaaatacacacactaaattaataactag 
LexA. bs + mCYC promoter 

BBa K165031 SEQ ID NO: 449 mcYC promoter . . . cacaaatacacacactaaattaataactag 
plus LexA binding sites 

BBa K165030 SEQ ID NO: 450 mcYC promoter . . . cacaaatacacacactaaattaataactag 
plus Zif 268-HIV binding sites 

BBa K165001 SEQ ID NO: 451 pCAL1 + w/XhoI . . . at actittaacgtcaaggagaaaaaactata 
sites 

BBa K110016 SEQ ID NO: 452 A- Cell Promoter . . . accqttaagaaccatat coaagaatcaaaa 
STE2 (backwards) 
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TABLE 33 - continued 

Examples of Yeast Positive (Activatible) Promoters 

Name Description Promoter Sequence 

BBa K11 OO15 SEQ ID NO: 453 A- Cell Promoter . . . citt catatata aaccoccagaaatgaatta 
MFA1 (RtL) 

BBa K11 OO14 SEQ ID NO: 454 A- Cell Promoter . . . at Cttcatacaiacalatalactac Caac Citta 
MFA2 (backwards) 

BBa K110 OO6 SEQ ID NO: 455 Alpha- Cell Promoter . . . titt catacacaatataaacgattaaaagaa 
MF (ALPHA) 1 

BBa K1100 05 SEQ ID NO: 456 Alpha- Cell Promoter . . . aaatticcagtaaatt cacat attggagaaa 
MF (ALPHA) 2 

BBa K11 OOO4 SEQ ID NO: 457 Alpha- Cell Promoter . . . gggagccagaacgcttctggtggtgtaaat 
Ste3 

BBa J24813 SEQ ID NO: 458 URA3 Promoter . . . go acagacittagattggtatatatacgcat 
from S. cerevisiae 

BBa K284 OO3 SEQ ID NO: 459 Partial DLD . . . aagtgcaagaaagaccagaaacgcaactica 
Promoter from Kluyveromyces lactis 

TABLE 34. 25 TABLE 34 - continued 

Examples of Eukaryotic Positive (Activatible) Examples of Eukaryotic Positive (Activatible) 
Promoters Promoters 

Name Description Promoter Sequence so Name Description Promoter Sequence 

BBa I10498 SEQ ID NO: 460 . . . taaaaaaaaaaaaa. 
Oct - 4 t c promoter aaaaaaaaa. BBa JO5217 SEQ ID NO: 463 . . . g.gggcgagggctCcgg 

BBa JO5215 SEQ ID NO: 461 . . . gggg.cgagggcc.ccg Regulator for ccc.cggggc.cggag 
Regulator for CCtc.cggaggcgggg R2-YAP7 
R1-CREBH 35 

BBa JO5218 SEQ ID NO: 464 . . . gaggggacggCCCC g 
BBa JO5216 SEQ ID NO: 462- . . . gaggggacggctic cqg Regulator for CCtc.cggaggcgggg 

Regulator for CCCC9ggg.ccggag R4 - cMaf 
R3ATF6 

TABLE 35 

Examples of Negatively regulated (repressible) E. coli O70 promoters 

Name Description Promoter Sequence 

BBa. I1 O51 SEQ ID NO: 465 Lux cassette right promoter . . . tittatagt caatacct Ctggcggtgata 

BBaI12 OO1 SEQ ID NO: 466 Promoter (PRM--) . . . gatttaacgitat cago acaaaaaagaaacc 

BBa I12 OO6 SEQ ID NO: 467 Modified lamdba Prm . . . attacaaactittcttgtatagatttaacgt. 
promoter (repressed by 434 cI 

BBa I12O36 SEQ ID NO: 468 Modified lamdba Prm . . . tttcttgtatagatttacaatgitat cittgt 
promoter (cooperative repression by 434 cI 

BBaI1204 O SEQ ID NO: 469 Modified lambda P (RM) . . . tttcttgtagatacttacaatgitat cittgt 
promoter: -10 region from P (L) and 
cooperatively repressed by 434 cI 

BBaI12212 SEQ ID NO: 470 TetR - TetR-4C heterodimer . . . actictgtcaatgatagagtggattcaaaaa 
promoter (negative) 

BBaI14 O15 SEQ ID NO: 471 P (Las) Teto . . . ttittggtacacticcictat cagtgatagaga 

BBa I14O16 SEQ ID NO: 472 P (Las) CIO . . . Ctttittggtacactacct Ctggcggtgata 

BBa I14032 SEQ ID NO: 473 promoter P (Lac) IQ . . . aalacctitt.cgcgg tatggcatgatagdgCC 

BBaI714889 SEQ ID NO: 474 OR21 of PR and PRM . . . tattt tacctctggcggtgataatggttgc 

BBa I714924 SEQ ID NO: 475 RecA DlexO DLacO1 . . . act ct cqgcatggacgagctgtacaagtaa 
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TABLE 35- continued 

redulated (repressible) E. coli of O 

66 

rooters 

Name Description Promoter Sequence 

BBa I715003 SEQ ID NO: 476 hybrid pLac with UV5 ttgtgagcggataacaatatgttgagcaca 
mutation 

BBa I718018 SEQ ID NO: 477 dapAp promoter cattgagacacttgtttgcacagaggatgg 

BBa I731004 SEQ ID NO: 478 FecA promoter ttct cqttcgact catagctgaacacaa.ca 

BBa I7322 OO SEQ ID NO: 479 NOT Gate Promoter Fami gaattgtgagcggataacaattggat.ccgg 
ember (DOO1O1wt1) 

BBaI7322O1 SEQ ID NO : 48 O NOT Gate Promoter Fami ggaattgtgagcgct cacaattggat.ccgg 
ember (DOO1O11) 

BBa I7322 O2 SEQ ID NO : 481 NOT Gate Promoter Fami ggaattgtaag.cgcttacaattggat.ccgg 
ember (DOO1O22) 

BBa I7322O3 SEQ ID NO : 482 NOT Gate Promoter Fami ggaattgtaaacgtttacaattggat.ccgg 
ember (DOO1O33) 

BBa I7322O4 SEQ ID NO : 483 NOT Gate Promoter Fami ggaattgttgaacgttcacaattggat.ccgg 
ember (DOO1O44) 

BBaI7322O5 SEQ ID NO : 484 NOT Gate Promoter Fami ggaattittgagcgctcaaaattggat.ccgg 
ember (DOO1O55) 

BBa I7322O6 SEQ ID NO : 485 NOT Gate Promoter Fami gga attatgagcgct cataattggat.ccgg 
ember (DOO1O66) 

BBa I7322O7 SEQ ID NO : 486 NOT Gate Promoter Fami gggacgactgtata cagt catcggat.ccgg 
ember (DOO1O77) 

BBa I73227 O SEQ ID NO : 487 Promoter Family Member gga attgtgag.cgcttacaattggat.ccgg 
with Hybrid Operator (DOO1O12) 

BBa I7322 71 SEQ ID NO: 488 Promoter Family Member ggaattgtgagcgct cataattggat.ccgg 
with Hybrid Operator (DOO1O16) 

BBa I732272 SEQ ID NO: 489 Promoter Family Member ggaattgtgagctacagt catcggat.ccgg 
with Hybrid Operator (DOO1O17 

BBa I732273 SEQ ID NO: 490 Promoter Family Member ggaattgtaag.cgct cacaattggat.ccgg 
with Hybrid Operator (DOO1O21) 

BBa I732274 SEQ ID NO: 491 Promoter Family Member ggaattgtaag.cgttcacaattggat.ccgg 
with Hybrid Operator (DOO1O24) 

BBa I732275 SEQ ID NO: 492 Promoter Family Member ggaattgtaag.cgct cataattggat.ccgg 
with Hybrid Operator (DOO1O26) 

BBa I7322 76 SEQ ID NO: 493 Promoter Family Member ggaattgtaagctacagt catcggat.ccgg 
with Hybrid Operator (DOO1O27) 

BBa I7322 77 SEQ ID NO: 494 Promoter Family Member ggaattgttgaacgct cataattggat.ccgg 
with Hybrid Operator (DOO1O46) 

BBa I7322 78 SEQ ID NO: 495 Promoter Family Member ggaattgttgaactacagt catcggat.ccgg 
with Hybrid Operator (DOO1O47) 

BBa I732279 SEQ ID NO: 496 Promoter Family Member gga attatgagcgct cacaattggat.ccgg 
with Hybrid Operator (DOO1O61) 

BBaI7323 O1 SEQ ID NO: 497 NAND Candidate ggaattgtgagcgct cataattggat.ccgg 
(UO73O26DOO1O16) 

BBa I7323 O2 SEQ ID NO: 498 NAND Candidate ggaattgtgagctacagt catcggat.ccgg 
(UO73O27DOO1O17) 

BBa I7323 O3 SEQ ID NO: 499 NAND Candidate ggaattgttgaacgct cataattggat.ccgg 
(UO73O22DOO1O46) 

BBa I7323 O4 SEQ ID NO : 500 NAND Candidate ggaattgttgaactacagt catcggat.ccgg 
(UO73O22DOO1O47) 

BBaI7323 O5 SEQ ID NO : 501 NAND Candidate taaattgttgaacgct cataattggat.ccgg 







Name 

BBa I732447 

BBa I732448 

BBa. If32450 

BBa. If32451 

BBa. If324.52 

BBa I739101 

BBa. If391 O2 

BBa. If391 O3 

BBa. If391 O4 

BBa. If391 O5 

BBa I739106 

BBa. If 466 65 

Bea. I7515 OO 

BBa. Ifs 15 O1. 

BBa. Ifs 15 O2 

BBa. Ifs 6O14 

BBa. If 61011 

BBa JO52O 9 

BBa JO521 O 

BBa JOf O19 

BBa J153 O1 

BBa J22052 

BBa J221 O6 

BBa J22126 

BBa J31 O13 

BBa J348 OO 

BBa J34806 

BBa J348 O9 
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Examples of Nedatively redulated (repressible) E. coli of O promoters 

Description 

SEQ ID NO: 552 Promoter Family Member 
(UO37O11 + DO50022) 

SEQ ID NO: 553 Promoter Family Member 
(UO37O11 + DO62O22) 

SEQ ID NO: 554 Promoter Family Member 
(UO73O26 + DO62NUL) 

SEQ ID NO: 555 Promoter Family Member 
(UO73O27 + DO62NUL) 

SEQ ID NO: 556 Promoter Family Member 
(UO73O26 + DO62O61) 

SEQ ID NO: 557 Double Promoter (constitutive/ 
TetR, negative) 

SEQ ID NO: 558 Double Promoter (cI, negative/ 
TetR, negative) 

SEQ ID NO: 559 Double Promoter (lacI 
negative/P22 cII, negative) 

SEQ ID NO: 56 O Double Promoter (LuxRAHSL, 
positive/P22 cII, negative) 

SEQ ID NO: 561 Double Promoter (LuxRAHSL, 
positive/cI, negative) 

SEQ ID NO: 562 Double Promoter (TetR, 
negative/P22 cII, negative) 

SEQ ID NO: 563 Double Promoter (cI, negative/ 
LacI, negative) 

SEQ ID NO: 564 Pspac-hy promoter 

SEQ ID NO: 565 pcI (for positive control of 
pcI-lux hybrid promoter) 

SEQ ID NO: 566 plux-cI hybrid promoter 

SEQ ID NO: 567 plux-lac hybrid promoter 

SEQ ID NO: 568 LexAoperator 
MajorLatePromoter 

SEQ ID NO: 569 CinR, CinL and glucose 
controlled promoter 

SEQ ID NO: 57 O Modified Pir Promoter 

SEQ ID NO: 571 Modified Prm + Promoter 

SEQ ID NO: 572 FecA Promoter (with Fur 
box) 

SEQ ID NO: 573 Pars promoter from 
Escherichia coli chromosomal airs operon. 

SEQ ID NO: 574 Poya 

SEQ ID NO: 575 rec A (SOS) Promoter 

SEQ ID NO: 576 Rec A (SOS) promoter 

SEQ ID NO: 577 pLac Backwards cf. 
BBa ROO10 

SEQ ID NO: 578 Promoter tetracycline 
inducible 

SEQ ID NO: 579 promoter lac induced 

SEQ ID NO: 580 promoter lac induced 

Promoter Sequence 

aaaattgtaag.cgcttacaattggat.ccgg 

caaattgtaag.cgcttacaattggat.ccgg 

gcc aaattaaacaggattaa.caggat.ccgg 

gcc aaattaaacaggattaa.caggat.ccgg 

caaattatgagcgcticacaattggat.ccgg 

tgatagagatt CCCtaticagtgatagagat 

tgatagagatt CCCtaticagtgatagagat 

gttctittaattatttalagtgttctittaatt 

gttctittaattatttalagtgttctittaatt 

cgtgcgtgttgata acaccgtgcgtgttga 

gtgttctittaatatttaagtgttctittaat 

ggaattgtgagcggataacaattt cacaca 

tgttgttgtaattgtgagcggataacaattala 

titt tacctctggcggtgataatggttgcag 

gtgttgatgcttitt at Caccgc.ca.gtggta 

agtgtgtggaattgtgagcggataacaatt 

agggggtggggg.cgc.gttgg.cgc.gc.cacac 

acat cittaaaagttittagtat catatt cqt 

tattt tacctctggcggtgataatggttgc 

atttataaatagtggtgatagatttaacgt. 

acc ctitctic gttcgact catagotgaacac 

tgactitatic cqctt.cgaagagaga cactac 

aggtgttaaattgat cacgttittagac cat 

caatttggtaaaggct coat catgtaataa 

gagaaacaatttggtaaaggct coat catg 

aacgc.gcggggagagg.cggtttgcg tattg 

Cagtgatagagatactgagcacat cagcac 

titatgct tccggct cqtataatgtttcaaa 

ggct cqtatgttgttgtcgaccgagctg.cgc 
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rooters 

Name Description Promoter Sequence 

BBa J54O16 SEQ ID NO: 581 promoter lacq aalacctitt.cgcgg tatggcatgatagdgCC 

BBa J5412 O SEQ ID NO: 582 EmirR regulated promoter atttgtcactgtcgttactatat cqgctgc 

BBa J5413 O SEQ ID NO: 583 BetI regulated promoter gtccaat caataac cqctittaatagataaa 

BBa J56O12 SEQ ID NO: 584 Invertible sequence of dna actitt attatcaataagttaaatcgg tacc 
includes Ptric promoter 

BBa Jó4O65 SEQ ID NO: 585 cI repressed promoter gtgttgact attttacct Ctggcggtgata 

BBa Jó4O67 SEQ ID NO : 586 LuxR + 3OC6HSL gtgttgact attttacct Ctggcggtgata 
independent ROO65 

BBa Jó4O68 SEQ ID NO: 587 increased strength ROO51 atacctctggcggtgatatataatggttgc 

BBa Jó4O69 SEQ ID NO : 588 ROO65 with lux box deleted gtgttgact attttacct Ctggcggtgata 

BBa Jó4712 SEQ ID NO: 589 LasR/LasI Inducible & gaaatctggcagtttittggtacacgaaagc 
RHLR/RHLI repressible Promoter 

BBa Jó48OO SEQ ID NO: 59 O RHLR/RHILI Inducible & tgc.cagttctggcaggtotaaaaagtgttc 
LasR/Las I repressible Promoter 

BBa Jó4981 SEQ ID NO. 591 OmpR-P strong binding, agcgct cacaatttaatacgact cactata 
regulatory region for Team ChallengeO3-2007 

BBa Jó4987 SEQ ID NO. 592 LacI Consensus Binding Site taataattgtgagcgct cacaattittgaca 
in sigma 70 binding region 

BBa J72005 SEQ ID NO : 593 {Ptet: promoter in BBb atc cctato agtgatagagatactgagcac 

BBa KO86O17 SEQ ID NO. 594 unmodified Lutz-Bujard ttgtgagcggataacaagat actgagcaca 
LacO promoter 

BBa KO91100 SEQ ID NO. 595 pLac lux hybrid promoter ggaattgtgagcggataacaattt cacaca 

BBa KO91101 SEQ ID NO. 596 pTet Lac hybrid promoter ggaattgtgagcggataacaattt cacaca 

BBa KO91104 SEQ ID NO. 597 pLac/Mnt Hybrid Promoter ggaattgtgagcggataacaattt cacaca 

BBa KO91105 SEQ ID NO. 598 pTet/Mnt Hybrid Promoter agaactgtaatcccitat cagtgatagagat 

BBa KO91106 SEQ ID NO: 599 LisrA/cI hybrid promoter tgttgattitat ctaac accqtgcgtgttga 

BBa KO91107 SEQ ID NO: 600 pLux/cI Hybrid Promoter acaccgtgcgtgttgatatagt caataaa 

BBa KO91110 SEQ ID NO: 6O1 LacI Promoter Ctttcgcgg tatgg catgatagcgc.ccgg 

BBa KO91111 SEQ ID NO: 602 LacIQ promoter Cctitt.cgcgg tatggCatgatagcgc.ccgg 

BBa KO91112 SEQ ID NO: 603 pLacIQ1 promoter Cctitt.cgcgg tatggCatgatagcgc.ccgg 

BBa KO91143 SEQ ID NO: 604 pLas/cI Hybrid Promoter ggttctttittggtacctctggcggtgataa 

BBa KO91146 SEQ ID NO: 605 pLas/Lux Hybrid Promoter tgtaggat.cgtacaggtataaatt Ctt cag 

BBa KO91157 SEQ ID NO: 606 pLux/Las Hybrid Promoter citat ct catttgctagtatagt cqaataaa 

BBa KO93OOO SEQ ID NO: 607 pRecA with LexA binding gtatatatata cagtataattgcttcaa.ca 
site 

BBa KO 93 008 SEQ ID NO: 608 reverse BBa ROO11 cacaatgtcaattgttatcc.gct cacaatt 

BBa KO94120 SEQ ID NO: 609 pLacI/ara-1 aattgtgagcggataacaattt cacacaga 

BBa KO9414 O SEQ ID NO: 610 pLacIq ccggaagagagt caattic agggtggtgaat 

BBa K101000 SEQ ID NO: 611 Dual-Repressed Promoter for acggtgacctagat ct cogatactgagcac 
p22 mint and TetR 

BBa K101001 SEQ ID NO: 612 Dual-Repressed Promoter for tggaattgtgagcggataaaattt cacaca 
LacI and LambdacI 
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redulated (repressible) E. coli of O promoters 

Name Description Promoter Sequence 

BBa K101002 SEQ ID NO: 613 Dual-Repressed Promoter for tag tagataatttalagtgttctittaatttic 
p22 cII and TetR 

BBa K101017 SEQ ID NO : 614 Mioc Promoter (DNAa- c caacg.cgttcacagogtacaattact agt 
Repressed Promoter) 

BBa K1092 OO SEQ ID NO: 615 AraC and TetR promoter aacaaaaaaacggat.cct ct agttgcggCC 
(hybrid) 

BBa K112118 SEQ ID NO: 616 rrnB P1 promoter ataaatgcttgactictgtagcgggaaggcg 

BBa K112318 SEQ ID NO : 617 {<bolA promoters in BBb attt catgatgatacgtgagcggatagaag 
format 

BBa K112401 SEQ ID NO: 618 Promoter for recA gene - SOS caaacagaaag.cgttggcggcagc actggg 
and Ultrasound Sensitive 

BBa K112402 SEQ ID NO: 619 promoter for FabA gene - gtcaaaatgaccgaaacgggtggtaacttic 
Membrane Damage and Ultrasound Sensitive 

BBa K1124 O5 SEQ ID NO: 620 Promoter for CadA and CadB agtaatctitat cqC cagtttggtotggtca 
genes 

BBa K1124O6 SEQ ID NO: 621 cadC promoter agtaatctitat cqC cagtttggtotggtca 

BBa K112701 SEQ ID NO: 622 hns promoter aattctgaacaa.catc.cgtact ctitcgtgc 

BBa K1127.08 SEQ ID NO: 623 PfhuA tttacgittat catt cactttacat cagagt 

BBa K113.009 SEQ ID NO: 624 pBad/araC gtttct coat accogtttittittgggctago 

BBa K116 OO1 SEQ ID NO: 625 inhaA promoter that can be cgatctatt cacctgaaagagaaataaaaa 
regulated by pH and inhaR protein. 

BBa K116500 SEQ ID NO: 626 OmpF promoter that is aaacgttagtttgaatggaaagatgcctgc 
activated or repressed by OmpR according to 
osmolarity. 

BBa K1190 02 SEQ ID NO: 627 Ron R operator (represses attgc.cgaattaatactaagaatt attatc 
RcnA) 

BBa K121011 SEQ ID NO: 628 promoter (lacI regulated) acaggaalacagctatgac catgattacgc.c 

BBa K121014 SEQ ID NO: 629 promoter (lambda cI actggcggittataatgagcacatcago agg 
regulated) 

BBa K137046 SEQ ID NO: 63 O 150 bp inverted tetR promoter Caccgacaaacaacagataaaacgaaaggc 

BBa K137047 SEQ ID NO: 631 250 bp inverted tetR promoter agtgttattaa.gctactaaag.cgtagttitt 

BBa K137048 SEQ ID NO: 632 350 bp inverted tetR promoter gaataagaaggctggctctgcaccittggtg 

BBa K137049 SEQ ID NO: 633 450 bp inverted tetR promoter ttagcigacittgatgct cittgat ct tccaat 

BBa K137050 SEQ ID NO: 634 650 bp inverted tetR promoter a catctaaaacttittagogittattacgitaa 

BBa K137051 SEQ ID NO: 635 850 bp inverted tetR promoter titc.cgacct cattaag cagotctaatgcgc 

BBa K137124 SEQ ID NO: 636 LacI-repressed promoter A81 caatttittaaacct gtaggat.cgtacaggit 

BBa K137125 SEQ ID NO: 637 LacI-repressed promoter B4 caatttittaaaattaaaggcgttacccaac 

BBa K145150 SEQ ID NO: 638 Hybrid promoter: HSL-LuxR tag tittataatttalagtgttctittaatttic 
activated, P22 C2 repressed 

BBa K145152 SEQ ID NO: 639 Hybrid promoter: P22 c2, gaaaatgtgagcgagtaacaacct cacaca 
LacI NOR gate 

BBa K256O28 SEQ ID NO: 640 placI: CHE Cacct tcgggtgggcCtttctg.cgtttata 

BBa K259 OO5 SEQ ID NO: 641 AraC Rheostat Promoter ttittatcgcaact citc tactgttt citccat 

BBa K259 OO7 SEQ ID NO: 642 AraC Promoter fused with gtttctic catt act agagaaagaggggaca 
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Name Description Promoter Sequence 

BBa K266 OO1 SEQ ID NO: 643 Inverter TetR -> LuxR Cacct tcgggtgggcCtttctg.cgtttata 

BBa K266003 SEQ ID NO: 644 POPS -> Lac Inverter -> Cacct tcgggtgggcCtttctg.cgtttata 
LaSR 

BBa K266 OO4 SEQ ID NO: 645 Const Lac Inverter -> LasR Cacct tcgggtgggcCtttctg.cgtttata 

BBa K266 OO5 SEQ ID NO: 646 PAI + LasR -> Las I & aataact citgatagtgctagtgtagat ct c 

BBa K266 OO6 SEQ ID NO: 647 PAI + LasR -> LaSI + GFP & Cacct tcgggtgggcCtttctg.cgtttata 
AI + LuxR -- Las I + GFP 

BBa K26.6007 SEQ ID NO: 648 Complex QS -> LuxI & Las I Cacct tcgggtgggcCtttctg.cgtttata 
circuit 

BBa K26 6008 SEQ ID NO: 649 J231 OO + Lac inverter ttgtgagcggataacaagat actgagcaca 

BBa K26 6009 SEQ ID NO: 650 J231 OO + Lac inverter + RBS actgagcacatact agagaaagaggagaala 

BBa K266O11 SEQ ID NO: 651 Lac Inverter and strong RBS actgagcacatact agagaaagaggagaala 

BBa K292002 SEQ ID NO: 652 pLac (LacI regulated) + t cacacatact agagattaaagaggagaala 
Strong RBS 

BBa M3137 O SEQ ID NO: 653 tacI Promoter ggaattgtgagcggataacaattt cacaca 

BBa ROO1 O SEQ ID NO: 654 promoter (lacI regulated) ggaattgtgagcggataacaattt cacaca 

BBa ROO11 SEQ ID NO: 655 Promoter (lacI regulated, ttgtgagcggataacaagat actgagcaca 
lambda pl. hybrid) 

BBa ROO4 O SEQ ID NO: 656 TetR repressible promoter atc cctato agtgatagagatactgagcac 

BBa ROOSO SEQ ID NO: 657 Promoter (HKO22 cI ccgt.cataatatgaac cataagttcaccac 
regulated) 

BBa ROO51 SEQ ID NO: 658 promoter (lambda cI tattt tacctctggcggtgataatggttgc 
regulated) 

BBa ROO52 SEQ ID NO: 659 Promoter (434 cI regulated) attgtatgaaaatacaagaaagtttgttga 

BBa ROO53 SEQ ID NO: 660 Promoter (p.22 cII regulated) tag tagataatttalagtgttctittaatttic 

BBa ROO 61 SEQ ID NO: 661 Promoter (HSL-mediated ttgacacctgtaggat.cgtacaggtataat 
luxR repressor) 

BBa ROO63 SEQ ID NO: 662 Promoter (luxR & HSL cacgcaaaacttgcgacaaacaatagg taa 
regulated -- lux pl) 

BBa ROO 65 SEQ ID NO: 663 Promoter (lambda cI and luxR gtgttgact attttacct Ctggcggtgata 
regulated -- hybrid) 

BBa ROOf3 SEQ ID NO: 664 Promoter (Mnt regulated) tagat ct cotatagtgagt cqt attaattit 

BBa ROOf 4 SEQ ID NO: 665 Promoter (PenI regulated) tactittcaaag act acatttgtaagatttg 

BBa ROO75 SEQ ID NO: 666 Promoter (TP901 cI cataaagttcatgaaacgtgaactgaaatt 
regulated) 

BBa R1OsO SEQ ID NO: 667 Promoter, Standard (HKO22 cc.gtgatac tatgaac cataagttcaccac 
cI regulated) 

BBa R1O51 SEQ ID NO: 668 Promoter, Standard (lambda aattittacctctggcggtgatactggttgc 
cI regulated) 

BBa R1052 SEQ ID NO: 669 Promoter, Standard (434 cI attgtatgatact acaagaaagtttgttga 
regulated) 

BBa R1O53 SEQ ID NO: 670 Promoter, Standard (p.22 cII tag tagatactittaagtgttctittaatttic 
regulated) 

BBa R2OOO SEQ ID NO: 671 Promoter, Zif 23 regulated, tggtc.ccacgc.gcgtgggatactacgt cag 
test: between 

BBa R2OO1 SEQ ID NO: 672 Promoter, Zif 23 regulated, attacggtgagatact cocacgc.gcgtggg 
test: after 
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TABLE 35- continued 

Examples of Nedatively redulated (repressible) E. coli of O promoters 

Name Description Promoter Sequence 

BBa R2O O2 SEQ ID NO: 673 Promoter, Zif 23 regulated, acgc.gcgtgggatact cocacgc.gcgtggg 
test: between and after 

BBa R21 O8 SEQ ID NO: 674 Promoter with operator site gattagatt cataa atttgagagaggagtt 
for C2 OO3 

BBa R2109 SEQ ID NO: 675 Promoter with operator site act tagatt cataa atttgagagaggagtt 
for C2 OO3 

BBa R211 O SEQ ID NO: 676 Promoter with operator site ggittagatt cataa atttgagagaggagtt 
for C2 OO3 

BBa R2111 SEQ ID NO: 677 Promoter with operator site act tagatt cataa atttgagagaggagtt 
for C2 OO3 

BBa R2112 SEQ ID NO: 678 Promoter with operator site aattagatt cataa atttgagagaggagtt 
for C2 OO3 

BBa R21.13 SEQ ID NO: 679 Promoter with operator site act tagatt cataa atttgagagaggagtt 
for C2 OO3 

BBa R2114 SEQ ID NO: 680 Promoter with operator site atttagatt cataa atttgagagaggagtt 
for C2 OO3 

BBa R22 O1 SEQ ID NO: 681 C2006-repressible promoter cacgc.gc.gtgggaatgttataatacgt cag 

BBa SO4209 SEQ ID NO: 682 ROO51: Q04121 : BOO34: COO79: actgagcacatact agagaaagaggagaala 
BOO15 

TABL E 36 

Examples of Negatively regulated (repressible) E. coli OS promoters 

Name 

BBa 

BBa 

BBa 

BBa 

BBa 

KO86031 

KO86032 

K112318 

Description 

SEQ ID NO : 
LacO promot 
factor O38 

SEQ ID NO : 
LacO promot 
factor O38 

SEQ ID NO : 
LacO promot 
factor O38 

SEQ ID NO : 
LacO promot 
factor O38 

SEQ ID NO : 
BBlo format 

683 

er, 

684 

er, 

685 

er, 

686 

er, 

687 

modified Lutz-Bujard 
with alternative sigma 

modified Lutz-Bujard 
with alternative sigma 

modified Lutz-Bujard 
with alternative sigma 

modified Lutz-Bujard 
with alternative sigma 

{<bolA promoters in 

TABL E 37 

Promoter Sequence 

cagtgagcgagtaacaact acgctgttitta 

cagtgagcgagtaacaact acgctgttitta 

atgtgagcggata acactata attaataga 

atgtgagcggata acactata attaataga 

attt catgatgatacgtgagcggatagaag 

Examples of Negatively regulated (repressible) E. coli O32 promoters 

Name 

BBa KO86O26 

BBa KO86O27 

Description 

SEQ ID NO : 688 

LacO promoter, 
factor O32 

SEQ ID NO : 689 

LacO promoter, 
factor O32 

modified Lutz-Bujard 
with alternative sigma 

modified Lutz-Bujard 
with alternative sigma 

Promoter Sequence 

ttgtgagcgagtggCaccattaagtacgta 

ttgtgagcgagtgacac cattaagtacgta 
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TABLE 37- continued 

82 

Examples of Nedatively redulated (repressible) E. coli o32 promoters 

Name Description Promoter Sequence 

BBa KO86O28 SEQ ID NO: 690 modified Lutz-Bujard . . . ttgtgagcgagta acac cattalagtacgta 
LacO promoter, with alternative sigma 
factor O32 

BBa KO86O29 SEQ ID NO: 691 modified Lutz-Bujard . . . ttgtgagcgagta acac cattalagtacgta 
LacO promoter, with alternative sigma 
factor O32 

TABLE 38 TABLE 39- continued 
15 

Examples of Negatively regulated (repressible) 
E. coli O54 promoters Examples of Repressible B. subtilis o' promoters 

Name Description Promoter Sequence Name Description Promoter Sequence 

BBa Jó4979 SEQ ID NO : 692 . . . agttggcacagattitcg 2O 
glnap2 ct titat cit t t t tit BBa K143 014 SEQ ID NO: 694 . . . agtttgtttaaa 

Promoter Xyl for caacaaactaataggtga 
B. subtilis 

TABLE 39 

25 BBa K143 O15 SEO ID NO : 695 . . . aatgtgtgtaat 
Examples of Repressible B. subtilis of Oromoters 

Promoter hyper- tgtgagcggataacaatt 
Name Description Promoter Sequence spank for 

BBaKO905O1 SEQ ID NO: 693 . . . tigaattgtgagc B. subtilis 
Gram-Positive IPTG- ggataacaattaagctt 
Inducible Promoter 

TABLE 4 O 

Examples of T7 Repressible Promoters 

Name Description Promoter Sequence 

BBa RO184 SEQ ID NO: 696 T7 promoter (lacI . . . ataggggaattgtgagcggataacaatticc 
repressible) 

BBa RO185 SEQ ID NO: 697 T7 promoter (lacI 
repressible) 

BBa R0186 SEQ ID NO: 698 T7 promoter (lacI 
repressible) 

BBa R0187 SEQ ID NO: 699 T7 promoter (lacI 
repressible) 

TABL E 

at aggggaattgtgagcggataacaatt CC 

at aggggaattgtgagcggataacaatt CC 

at aggggaattgtgagcggataacaatt CC 

41 

Examples of Yeast Repressible Promoters 

Name Description 

BBa I766558 SEQ ID NO: 700 pFig1 (Inducible) 
Promoter 

BBa I766214 SEQ ID NO: 701 pGal1 

BBa K165OOO SEQ ID NO : 702 MET 25 Promoter 

Promoter Sequence 

aaacaaacaaacaaaaaaaaaaaaaaaaaa. 

at actittaacgtcaaggagaaaaaactata 

tagatacaattictatt acccc.catccatac 
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TABLE 42 E 

Examples of Eukaryotic Repressible Promoters 

Name Description Promoter Sequence 

BBa I756O15 SEO ID NO : 7 O3 CMV Promoter with . . . ttagtgaaccgtcagat cact agt ctgcag 
lac operator sites 

BBa I756O16 SEQ ID NO: 704 CMV-tet promoter . . . ttagtgaaccgtcagat cact agt ctgcag 

BBa I756O17 SEQ ID NO : 705 U6 promoter with tet . . . ggaaaggacgaaacaccgactagt ctogcag 
operators 

BBa I756O18 SEQ ID NO: 706 Lambda Operator in . . . attgtttgttgt attittagacitagt ctdcag 
SW- 4 O intron 

BBa I756O19 SEQ ID NO: 707 Lac Operator in SV- . . . attgtttgttgt attittagacitagt ctdcag 
40 intron 

BBa I756O2O SEQ ID NO: 708 Tet Operator in SV- . . . attgtttgttgt attittagacitagt ctdcag 
40 intron 

BBa I756O21 SEQ ID NO: 709 CMV promoter with . . . ttagtgaaccgtcagat cact agt ctgcag 
Lambda Operator 

TABL E 43 

Examples of Combination Inducible & Repressible E. coli Promoters 

Name Description Promoter Sequence 

BBa. I1 O51 SEQ ID NO : 710 Lux cassette right . . . tittatagt caatacctctggcggtgata 
promoter 

BBaI12 OO6 SEQ ID NO : 711 Modified lamdba Prm . . . attacaaactitt Cttgtatagatttaacgt. 
promoter (repressed by 434 cI) 

BBa I12O36 SEQ ID NO : 712 Modified lamdba Prm . . . titt cittgtatagatttacaatgitat cittgt 
promoter (cooperative repression by 434 
cI) 

BBaI1204 O SEQ ID NO : 713 Modified lambda P (RM) . . . titt cittgtagat acttacaatgitat cittgt 
promoter: -10 region from P (L) and 
cooperatively repressed by 434 cI 

BBaI14 O15 SEQ ID NO : 714 P (Las) Teto . . . ttittgg tacact coct at cagtgatagaga 

BBa I14O16 SEQ ID NO : 715 P (Las) CIO . . . Ctttittgg tacact acctctggcggtgata 

BBaI714924 SEQ ID NO : 716 RecA DlexO DLacO1 . . . act ct cqg catggacgagctgtacaagtaa 

BBa I731004 SEQ ID NO : 717 FecA promoter . . . ttct cott cqact catagotgaacacaa.ca 

BBaI7323 O1 SEQ ID NO : 718 NAND Candidate . . . ggaattgtgagcgct cataattggat.ccgg 

BBa I7323 O2 SEQ ID NO : 719 NAND Candidate . . . ggaattgtgagctacagtc.gtcggat.ccgg 
(UO73O27DOO1O17) 

BBa I7323 O3 SEQ ID NO: 72 O NAND Candidate . . . ggaattgttgaacgct cataattggat.ccgg 

BBa I7323 O4 SEQ ID NO: 721 NAND Candidate . . . ggaattgttgaactacagtc.gtcggat.ccgg 
(UO73O22DOO1O47) 

BBa I7323 O5 SEQ ID NO: 722 NAND Candidate . . . taaattgttgaacgct cataattggat.ccgg 
(UO73O22DO59O46) 

BBaI7323 O6 SEQ ID NO: 723 NAND Candidate . . . galaattgtaa.gc.gcttaca attggat.ccgg 
(UO73O11DOO2O22) 

BBa I732351 SEQ ID NO: 724 NOR Candidate . . . galaattgtaa.gc.gcttaca attggat.ccgg 
(UO37O11DOO2O22) 

BBa I732352 SEQ ID NO: 725 NOR Candidate . . . ggaattgtaa.gc.gcttaca attggat.ccgg 
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TABLE 43 - continued 

Examples of Combination Inducible & Repressible E. coli Promoters 

Name Description Promoter Sequence 

BBa I732451 SEQ ID NO: 776 Promoter Family gcc aaattaaac aggattaac aggat.ccgg 
Member (UO73O27 + DO62NUL) 

BBa I732452 SEQ ID NO: 777 Promoter Family caaattatgagcgcticaca attggat.ccgg 
Member (UO73O26 + DO62O61) 

BBaI73.9102 SEQ ID NO: 778 Double Promoter (cI tgatagagattic cctatoagtgatagagat 
negative/TetR, negative) 

BBa I7391O3 SEQ ID NO: 779 Double Promoter (lacI gttctittaattatttalagtgttctittaatt 
negative/P22 cII, negative) 

BBa I7391.04 SEQ ID NO: 78 O Double Promoter gttctittaattatttalagtgttctittaatt 
(LuxR/HSL, positive/P22 cII, negative) 

BBa I739105 SEQ ID NO: 781 Double Promoter cgtgcgtgttgata acaccgtgcgtgttga 
LuxR/HSL, positive/cI, negative) 

BBaI739106 SEQ ID NO: 782 Double Promoter (TetR, gtgttctittaat atttaagtgttctittaat 
negative/P22 cII, negative) 

BBa I739107 SEQ ID NO: 783 Double Promoter (cI ggaattgtgagcggataacaattt cacaca 
negative/LacI, negative) 

BBa I741018 SEQ ID NO: 784 Right facing promoter gttacgtttatcgcggtgattgttactitat 
(for xylF) controlled by xylR and CRP 
cAMP 

BBa I741019 SEQ ID NO: 785 Right facing promoter gcaaaataaaatggaatgatgaaactgggit 
(for xylA) controlled by xylR and CRP 
cAMP 

BBa I742124 SEQ ID NO: 786 Reverse complement Lac aacgc.gcggggagagg.cggitttgcg tattg 
promoter 

BBa I751501 SEQ ID NO: 787 plux-cI hybrid promoter gtgttgatgcttitt at Caccgc.cagtggta 

BBa I751502 SEQ ID NO: 788 plux-lac hybrid promoter agtgttgttggaattgtgagcggataacaatt 

BBa I761011 SEQ ID NO: 789 Cin R, CinL and glucose a catcttaaaagttittagtat catatt cqt 
controlled promoter 

BBa I765.007 SEQ ID NO: 790 Fe and UV promoters Ctgaaag.cgcat accgctatggagggggtt 

BBa JO5209 SEQ ID NO: 791 Modified Pir Promoter tattttacct ctggcggtgataatggttgc 

BBa JO521 O SEQ ID NO: 792 Modified Prm+ Promoter atttataaatagtggtgatagatttaacgt. 

BBa J58 100 SEQ ID NO: 793 AND-type promoter atttataaatagtggtgatagatttaacgt. 
synergistically activated by cI and CRP 

BBa Jó4712 SEQ ID NO: 794 LasR/LasI Inducible & gaaatctggcagtttittgg tacacgaaagc 
RHLR/RHLI repressible Promoter 

BBa Jó48OO SEQ ID NO: 795 RHLR/RHILI Inducible tgc.cagttctggcaggtotaaaaagtgttc 
& LasR/LaSI repressible Promoter 

BBa Jó4804 SEQ ID NO: 796 The promoter region Cacagaacttgcatttatataaagggaaag 
(inclusive of regulator binding sites) of 
the B. subtilis RocDEF operon 

BBa Jó4979 SEQ ID NO: 797 glnAp2 agttggcacagattitcgctittat ctitttitt 

BBa Jó4981 SEQ ID NO: 798 OmpR-P strong binding, agcgct cacaatttaatacgact cactata 
regulatory region for Team ChallengeO3 
2007 

BBa KO91100 SEQ ID NO: 799 pLac lux hybrid ggaattgtgagcggataacaattt cacaca 
promoter 

BBa KO91101 SEQ ID NO: 800 pTet Lac hybrid ggaattgtgagcggataacaattt cacaca 
promoter 

BBa KO91104 SEQ ID NO: 801 pLac/Mnt Hybrid ggaattgtgagcggataacaattt cacaca 
Promo te 
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TABLE 43 - continued 

Examples of Combination Inducible & Repressible E. coli Promoters 

Name Description Promoter Sequence 

BBa KO91105 SEQ ID NO: 802 pTet/Mnt Hybrid agaactgtaatc cctatoagtgatagagat 
Promoter 

BBa KO91106 SEQ ID NO: 803 LisrA/cI hybrid promoter tgttgattitatic talacaccidtgcgtgttga 

BBa KO91107 SEQ ID NO: 804 pLux/cI Hybrid acaccgtgcgtgttgatatagt caataaa 
Promoter 

BBa KO91143 SEQ ID NO: 805 pLas/cI Hybrid Promoter ggttctttittgg tacctctggcggtgataa 

BBa KO91146 SEQ ID NO: 806 pLas/Lux Hybrid tgtaggat.cgtacaggtataa attctt cag 
Promoter 

BBa KO91157 SEQ ID NO: 807 pLux/Las Hybrid citat ct catttgctagtatagt cqaataaa 
Promoter 

BBa KO94120 SEQ ID NO: 808 pLacI/ara-1 aattgtgagcggataacaattt cacacaga 

BBa K10OOOO SEQ ID NO: 809 Natural Xylose gttacgtttatcgcggtgattgttactitat 
Regulated Bi-Directional Operator 

BBa K101000 SEQ ID NO: 810 Dual-Repressed acggtgacct agat ct cogatactgagcac 
Promoter for p22 mint and TetR 

BBa K101001 SEQ ID NO: 811 Dual-Repressed tggaattgtgagcggataaaattt cacaca 
Promoter for LacI and LambdacI 

BBa K101002 SEQ ID NO: 812 Dual-Repressed tag tagataatttalagtgttctittaattic 
Promoter for p22 cII and TetR 

BBa K1092 OO SEQ ID NO: 813 AraC and TetR promoter aacaaaaaaacggat.cctic tagttgcggCC 
(hybrid) 

BBa K112118 SEQ ID NO: 814 rrnB P1 promoter ataaatgcttgactictgtagcgggaaggcg 

BBa K112318 SEQ ID NO: 815 {<bolA promoters in attt catgatgatacgtgagcggatagaag 
BBlo format 

BBa K112322 SEQ ID NO: 816 {Pdps in BBb format gggacacaaacatcaagaggatatgagatt 

BBa K112402 SEQ ID NO: 817 promoter for FabA gene - gtcaaaatgaccgaaacgggtggta acttic 
Membrane Damage and Ultrasound 
Sensitive 

BBa K1124 O5 SEQ ID NO: 818 Promoter for CadA and agtaatcttatcgc.cagtttggtctggtca 
CadB genes 

BBa K1124O6 SEQ ID NO: 819 cadC promoter agtaatcttatcgc.cagtttggtctggtca 

BBa K112701 SEQ ID NO: 820 hns promoter aattctgaacaa catc.cgtactic titcgtgc 

BBa K116001 SEQ ID NO: 821 inhaA promoter, that can cgatct attcacctgaaagagaaataaaaa 
be regulated by pH and inhaR protein. 

BBa K116500 SEQ ID NO: 822 OmpF promoter that is aaacgttagtttgaatggaaagatgcctgc 
activated or repressed by OmpR 
according to osmolarity. 

BBa K121011 SEQ ID NO: 823 promoter (lacI regulated) acaggaaa.ca.gctatgaccatgattacgc.c 

BBa K136O10 SEQ ID NO: 824 fliA promoter gttcactictataccgctgaaggtgtaatgg 

BBa K145150 SEQ ID NO: 825 Hybrid promoter: HSL- tag tittataatttalagtgttctittaatttic 
LuxR activated, P22 C2 repressed 

BBa K145152 SEQ ID NO: 826 Hybrid promoter: P22 c2, gaaaatgtgagcgagtaacaacct cacaca 
LacI NOR gate 

BBa K259 OO5 SEQ ID NO: 827 AraC Rheostat Promoter ttittatcgcaact citc tactgtttct coat 

BBa K259 OO7 SEQ ID NO: 828 AraC Promoter fused gtttct coattact agagaaagaggggaca 
With RBS 

BBa K266 OO5 SEQ ID NO: 829 PAI + LasR -> Las I & aataactctgatagtgctagtgtagat ct c 
AI + LuxR -- Las I 
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TABLE 43 - continued 

Examples of Combination Inducible & Repressible E. coli Promoters 

Name Description Promoter Sequence 

BBa K266 OO6 SEQ ID NO: 83 O PAI + LasR -> LaSI + GFP . . . cacctt.cgggtgggcc tittctgcgtttata 
& AI + LuxR -- Las I + GFP 

BBa K26.6007 SEQ ID NO: 831 Complex QS -> LuxI & . . . cacctt.cgggtgggcc tittctgcgtttata 
LaSI circuit 

BBa ROO65 SEQ ID NO: 832 Promoter (lambda cI and . . . gtgttgactattttacctctggcggtgata 
luxR regulated -- hybrid) 

TABLE 44 

Examples of Combination Inducible & Repressible Miscellaneous Prokaryotic 
Promoters 

Name Description Promoter Sequence 

BBa K125100 SEQ ID NO: 833 nir promoter . . . cqaaacgggaaccotatattgat citc tact 
from Synechocystis sp. PCC6803 

TABL E 45 

Examples of Combination Inducible & Repressible Miscellaneous Yeast Promoters 

Name Description Promoter Sequence 

BBa I766200 SEQ ID NO: 834 pSte2 . . . accqttaagaac catat coaagaatcaaaa 

BBa K110016 SEQ ID NO: 835 A- Cell Promoter STE2 . . . accqttaagaac catat coaagaatcaaaa 
(backwards) 

BBa K165034 SEQ ID NO: 836 Zif268-HIV bs + LexA. . . . cacaaatacacacactaaattaataactag 
bs + mCYC promoter 

BBa K165041 SEQ ID NO: 837 Zif 268-HIV binding . . . atacggtoaacgaactataattalactaaac 
sites + TEF constitutive yeast promoter 

BBa K165043 SEQ ID NO: 838 Zif 268-HIV binding . . . tagatacaattic tattacc cc catc catac 
sites + MET25 constitutive yeast 
promoter 

TABLE 46 

Examples of Combination Inducible & Repressible Miscellaneous Eukaryotic 
Promoters 

Name Description Promoter Sequence 

BBa JO5215 SEQ ID NO: 839 Regulator for R1 - . . . ggggggagggcc.ccgcct coggaggcgggg 
CREBH 

BBa JO5216 SEQ ID NO: 84 O Regulator for R3 - . . . gaggggacggctic cqgcc.ccgggg.ccggag 
ATF6 

BBa JO5217 SEQ ID NO: 841 Regulator for R2- . . . ggggggagggctic cqgcc.ccgggg.ccggag 
YAP7 

BBa JO5218 SEQ ID NO: 842 Regulator for R4 - . . . gaggggacggcc.ccgcct coggaggcgggg 
cMaf 
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Ribosome Binding Sites 
Ribosome binding sites (RBS) are sequences that promote 

efficient and accurate translation of mRNAs for protein syn 
thesis, and are also provided for use in the modules and 
biological converter switches of the invention to enable 
modulation of the efficiency and rates of synthesis of the 
proteins encoded by the Switches, such as recombinases and 
repressors. The RBS affects the translation rate of an open 
reading frame in two main ways—i) the rate at which ribo 
somes are recruited to the mRNA and initiate translation is 
dependent on the sequence of the RBS, and ii) the RBS can 
also affect the stability of the mRNA, thereby affecting the 
number of proteins made over the lifetime of the mRNA. 
Accordingly, one or more ribosome binding site (RBS) can be 
added to the modules and engineered genetic counters 
described herein to control expression of proteins, such as 
recombinases. 

Translation initiation in prokaryotes is a complex process 
involving the ribosome, the mRNA, and several other pro 
teins, such as initiation factors, as described in Laursen BS, 
et al., Microbiol Mol Biol Rev 2005 March; 69(1) 101-23. 
Translation initiation can be broken down into two major 
steps—i) binding of the ribosome and associated factors to 
the mRNA, and ii) conversion of the bound ribosome into a 
translating ribosome lengthening processing along the 
mRNA. The rate of the first step can be increased by making 
the RBS highly complementary to the free end of the 16s 
rRNA and by ensuring that the start codon is AUG. The rate of 
ribosome binding can also be increased by ensuring that there 
is minimal secondary structure in the neighborhood of the 
RBS. Since binding between the RBS and the ribosome is 
mediated by base-pairing interactions, competition for the 
RBS from other sequences on the mRNA, can reduce the rate 
ofribosome binding. The rate of the second step in translation 
initiation, conversion of the bound ribosome into an initiation 
complex is dependent on the spacing between the RBS and 
the start codon being optimal (5-6 bp). 

Thus, a “ribosome binding site' (RBS), as defined herein, 
is a segment of the 5' (upstream) part of an mRNA molecule 
that binds to the ribosome to position the message correctly 
for the initiation of translation. The RBS controls the accu 
racy and efficiency with which the translation of mRNA 
begins. In prokaryotes (such as E. coli) the RBS typically lies 
about 7 nucleotides upstream from the start codon (i.e., the 
first AUG). The sequence itself in general is called the "Shine 
Dalgarno' sequence after its discoverers, regardless of the 
exact identity of the bases. Strong Shine-Dalgarno sequences 
are rich in purines (A’s.G's), and the “Shine-Dalgarno con 
sensus’ sequence—derived statistically from lining up many 
well-characterized strong ribosome binding sites—has the 
sequence AGGAGG. The complementary sequence 
(CCUCCU) occurs at the 3'-end of the structural RNA 
(“16S) of the small ribosomal subunit and it base-pairs with 
the Shine-Dalgarno sequence in the mRNA to facilitate 
proper initiation of protein synthesis. In some embodiments 
of aspects described herein, a ribosome binding site (RBS) is 
added to an engineered genetic counter to regulate expression 
of a recombinase. 

For protein synthesis in eukaryotes and eukaryotic cells, 
the 5' end of the mRNA has a modified chemical structure 
('cap') recognized by the ribosome, which then binds the 
mRNA and moves along it (“scans') until it finds the first 
AUG codon. A characteristic pattern of bases (called a 
"Kozak sequence') is sometimes found around that codon 
and assists in positioning the mRNA correctly in a manner 
reminiscent of the Shine-Dalgarno sequence, but does not 
involve base pairing with the ribosomal RNA. 
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RBSs can include only a portion of the Shine-Dalgarno 

sequence. When looking at the spacing between the RBS and 
the start codon, the aligned spacing rather than just the abso 
lute spacing is important. In essence, if only a portion of the 
Shine-Dalgarno sequence is included in the RBS, the spacing 
that matters is between wherever the center of the full Shine 
Dalgarno sequence would be and the start codon rather than 
between the included portion of the Shine-Dalgarno sequence 
and the start codon. 

While the Shine-Dalgarno portion of the RBS is critical to 
the strength of the RBS, the sequence upstream of the Shine 
Dalgarno sequence is also important. One of the ribosomal 
proteins, S1, is known to bind to adenine bases upstream from 
the Shine-Dalgarno sequence. As a result, in some embodi 
ments of the modules and engineered genetic counters 
described herein, an RBS can be made stronger by adding 
more adenines to the sequence upstream of the RBS. A pro 
moter may add some bases onto the start of the mRNA that 
may affect the strength of the RBS by affecting S1 binding. 

In addition, the degree of secondary structure can affect the 
translation initiation rate. This fact can be used to produce 
regulated translation initiation rates, as described in Isaacs F 
Jet al., Nat Biotechnol 2004 July; 22(7) 841-7. 

In addition to affecting the translation rate per unit time, an 
RBS affects the level of protein synthesis in a second way. 
That is because the stability of the mRNA affects the steady 
state level of mRNA, i.e., a stable mRNA will have a higher 
steady state level than an unstable mRNA that is being pro 
duced as an identical rate. Since the primary sequence and the 
secondary structure of an RBS (for example, the RBS could 
introduce an RNase site) can affect the stability of the mRNA, 
the RBS can affect the amount of mRNA and hence the 
amount of protein that is synthesized. 
A “regulated RBS” is an RBS for which the binding affinity 

of the RBS and the ribosome can be controlled, thereby 
changing the RBS strength. One strategy for regulating the 
strength of prokaryotic RBSs is to control the accessibility of 
the RBS to the ribosome. By occluding the RBS in RNA 
secondary structure, translation initiation can be significantly 
reduced. By contrast, by reducing secondary structure and 
revealing the RBS, translation initiation rate can be increased. 
Isaacs and coworkers engineered mRNA sequences with an 
upstream sequence partially complementary to the RBS. 
Base-pairing between the upstream sequence and the RBS 
locks' the RBS off. A key RNA molecule that disrupts the 
mRNA secondary structure by preferentially base-pairing 
with the upstream sequence can be used to expose the RBS 
and increase translation initiation rate. In some embodiments, 
the ribosome binding site (RBS) comprises a sequence that is 
selected from the group consisting of SEQID NO: 843-SEQ 
ID NO: 850 presented in Table 47. In some embodiments, the 
ribosome binding site (RBS) is selected from the ribosome 
binding site sequences presented in Tables 48-53. In some 
embodiments, novel ribosome binding sites can be generated 
using automated design of synthetic ribosome sites, as 
described in Salis H M et al., Nature Biotechnology 27, 
946-950 (2009). 

TABLE 47 

SEO ID NO: 843 RBS-A AGGAGGAAAAAAATG 

SEO ID NO: 844 RBS-B AGGAATTTAAATG 

SEO ID NO: 845 RBS-C AGGAAACAGACCATG 

SEO ID NO: 846 RBS-D AGGAAACCGGTTCGATG 
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TABLE 47 - continued TABLE 47- continued 

SEO ID NO: 849 RBS- G AGGAAAGGCCTCGATG 
SEO ID NO: 847 RBS-E AGGAAACCGGTTATG 

SEO ID NO: 848 RBS-F AGGACGGTTCGATG 5 SEO ID NO: 850 RBS-H AGGACGGCCGGATG 

TABLE 48 

Examples of RBS Sequences (underlines indicate 
COIlsensuls seclence 

Identifier Sequence 

SEQ ID NO: 851 Master Sequence TCTAGAGAAAGANNNGANNNACTAGATG 

SEO ID NO: 852 BBa Jó11OO TCTAGAGAAAGAGGGGACAAACTAGATG 

SEO ID NO: 853 BBa Jó1101 TCTAGAGAAAGACAGGACCCACTAGATG 

SEO ID NO: 854 BBa Jó1102 TCTAGAGAAAGATCCGATGTACTAGATG 

SEO ID NO: 855 BBa Jó1103 TCTAGAGAAAGATTAGACAAACTAGATG 

SEO ID NO: 856 BBa Jó1104 TCTAGAGAAAGAAGGGACAGACTAGATG 

SEO ID NO: 857 BBa Jó1105 TCTAGAGAAAGACATGACGTACTAGATG 

SEO ID NO: 858 BBa Jó1106 TCTAGAGAAAGATAGGAGACACTAGATG 

SEO ID NO: 859 BBa Jó1107 TCTAGAGAAAGAAGAGACT CACTAGATG 

SEO ID NO: 86O BBa Jó1108 TCTAGAGAAAGACGAGATATACTAGATG 

SEO ID NO: 861 BBa Jó1109 TCTAGAGAAAGACTGGAGACACTAGATG 

SEQ ID NO: 862 BBa Jó O TCTAGAGAAAGAGGCGAATTACTAGATG 

SEO ID NO: 863 BBa Jó 1. TCTAGAGAAAGAGGCGATACACTAGATG 

SEO ID NO: 864 BBa Jó 2 TCTAGAGAAAGAGGTGACATACTAGATG 

SEO ID NO: 865 BBa Jó 3 TCTAGAGAAAGAGTGGAAAAACTAGATG 

SEO ID NO: 866 BBa Jó 4. TCTAGAGAAAGATGAGAAGAACTAGATG 

SEO ID NO: 867 BBa Jó 5 TCTAGAGAAAGAAGGGATACACTAGATG 

SEO ID NO: 868 BBa Jó 6 TCTAGAGAAAGACATGAGGCACTAGATG 

SEO ID NO: 869 BBa Jó 7 TCTAGAGAAAGACATGAGTTACTAGATG 

SEO ID NO : 870 BBa Jó 8 TCTAGAGAAAGAGACGAATCACTAGATG 

SEO ID NO : 871 BBa Jó 9 TCTAGAGAAAGATTTGATATACTAGATG 

SEO ID NO : 872 BBa Jó112O TCTAGAGAAAGACGCGAGAAACTAGATG 

SEO ID NO : 873 BBa Jó1121 TCTAGAGAAAGAGACGAGTCACTAGATG 

SEO ID NO : 874 BBa Jó1122 TCTAGAGAAAGAGAGGAGCCACTAGATG 

SEO ID NO : 875 BBa Jó1123 TCTAGAGAAAGAGATGACTAACTAGATG 

SEO ID NO : 876 BBa Jó1124 TCTAGAGAAAGAGCCGACATACTAGATG 

SEO ID NO : 877 BBa Jó1125 TCTAGAGAAAGAGCCGAGTTACTAGATG 

SEO ID NO : 878 BBa Jó1126 TCTAGAGAAAGAGGTGACT CACTAGATG 

SEO ID NO : 879 BBa Jó1127 TCTAGAGAAAGAGTGGAACTACTAGATG 

SEO ID NO: 880 BBa Jó1128 TCTAGAGAAAGATAGGACT CACTAGATG 

SEO ID NO: 881 BBa Jó1129 TCTAGAGAAAGATTGGACGTACTAGATG 

SEO ID NO: 882 BBa Jó113 O TCTAGAGAAAGAAACGACATACTAGATG 

SEO ID NO: 883 BBa Jó1131 TCTAGAGAAAGAACCGAATTACTAGATG 
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TABLE 48 - continued 

Examples of RBS Sequences (underlines indicate 
consensus sequence) 

Identifier Sequence 

SEO ID NO: 884 BBa Jó1132 TCTAGAGAAAGACAGGATTAACTAGATG 

SEO ID NO: 885 BBa Jó1133 TCTAGAGAAAGACCCGAGACACTAGATG 

SEO ID NO: 886 BBa Jó1134 TCTAGAGAAAGACCGGAAATACTAGATG 

SEO ID NO: 887 BBa Jó1135 TCTAGAGAAAGACCGGAGACACTAGATG 

SEO ID NO: 888 BBa Jó1136 TCTAGAGAAAGAGCTGAGCAACTAGATG 

SEO ID NO: 889 BBa Jó1137 TCTAGAGAAAGAGTAGATCAACTAGATG 

SEO ID NO: 890 BBa Jó1138 TCTAGAGAAAGATATGAATAACTAGATG 

SEO ID NO: 891 BBa Jó1139 TCTAGAGAAAGATTAGAGTCACTAGATG 

TABLE 49 

Examples of Community RBS Sequences 

Measured 
Strength 

Identifier Sequence Set 1 Set 2 

SEO ID NO: 892 BBa BOO29 TCTAGAGTTCACACAGGAAACCTACTAGATG - O. 764 

SEO ID NO: 893 BBa BOO3 O TCTAGAGATTAAAGAGGAGAAATACTAGA O. 6 
TG 

SEO ID NO: 894 BBa BOO31 TCTAGAGTCACACAGGAAACCTACTAGATG O. O7 

SEO ID NO: 895 BBa BOO32 TCTAGAGTCACACAGGAAAGTACTAGATG O3 O376 

SEO ID NO: 896 BBaBOO33 TCTAGAGTCACACAGGACTACTAGATG O. O1 O. OO2 

SEO ID NO: 897 BBa BOO34 TCTAGAGAAAGAGGAGAAATACTAGATG 1. 1. 

SEO ID NO: 898 BBa BOO35 TCTAGAGATTAAAGAGGAGAATACTAGATG - 1.124 

SEO ID NO: 899 BBaBOO64 TCTAGAGAAAGAGGGGAAATACTAGATG O.35 

TABL E SO 

Examples Miscellaneous Constitutive Prokaryotic RBS 

Name Sequence Description 

SEO ID NO: 9 OO BBaBOO36 gtgttg Specialized RBS 

SEO ID NO: 901 BBa BOO37 gtgttgtctag Specialized RBS 

SEO ID NO: 9 O2 BBaBOO38 to acacaggaalaccggttcgatg RBS 1 

SEO ID NO: 903 BBa BOO39 to acacaggaaaggcct catg RBS 2 

SEO ID NO: 904 BBa BOO41 to acacaggacggc.cggatg RBS 3 

SEO ID NO: 905 BBa BOO7 O totcacgtgtgtcaag Specialized RBS 
modified from that of 
BOO36 (Brink et al.) 

SEO ID NO: 906 BBa BOO71 tot cacgtgtgt Specialized RBS 

SEO ID NO: 9 O7 BBa BOO76 catc. cott Specialized RBS 

SEO ID NO: 9 O8 BBa BOO77 to acat CCCt Specialized RBS 
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TABLE 5 O- continued 

Examples Miscellaneous Constitutive Prokaryotic RBS 

Name Sequence Description 

SEO ID NO: 909 BBa BOO78 to acat CCCtcC Specialized RBS 

SEO ID NO: 910 BBa B2OO1 actgcacgagg talacacaag Tf RBS O.3 

SEO ID NO: 911 BBa B2OO2 tacgaggaggatgaagagta Tf RBS O. 4 

SEO ID NO: 912 BBa B2003 actt tactitatgagggagta Tf RBS O.S 

SEO ID NO: 913 BBa B2O17 acgaagacggagacittctaa 28 RBS from Tf 

SEO ID NO: 914 BBa B2O22 alacc ct caggagg taalacca 4B RBS from Tf 

SEO ID NO: 915 BBa B2O4. O aaga catggagacacattta 8 RBS from Tf 

SEO ID NO: 916 BBa B2101 . . . goacgaggtaacacaagatgtgaagagctg. T7 RBS O.3 + SapI 
(rev) 

SEO ID NO: 917 BBa. B2102 . . . gaggaggatgaagagtaatgtgaagagctg. T7 RBS O. 4 + Sapli 
(rev) 

SEQ ID NO: 918 BBa I11010 aggaggtoatc RBS 

SEQ ID NO: 919 BBa I723 O12 goaa.gctctttitt to agttgttcto Estimated RBS for 
DntR 

SEQ ID NO: 920 BBa I723 O14 ctgatagittaaaatcaccagcatga Estimated RBS for 
DntA 

SEQ ID NO: 921 BBa I723 O19 taaaaacaagaggaaaacaa RBS for XylR 

SEO ID NO: 922 BBa I74213 O tictoctictitt Rewerse RBS 

SEQ ID NO: 923 BBa I742145 acggagaagicagogaa sam5 native ribs 

SEQ ID NO: 924 BBa I742146 gaggttgggacaag sam8 native rbs 

SEQ ID NO: 925 BBa I74215 O . . . taaatgitat cogtttataagga cago.ccga crtE native ribs 

SEQ ID NO: 926 BBa I742153 ct cittaagtgggagcggct crtY native ribs 

SEQ ID NO: 927 BBa I742156 ct ctaccggagaaatt crt2 native ribs 

SEQ ID NO: 928 BBa I742159 ct catcgittaaagagcgactac crtI native ribs 

SEQ ID NO: 929 BBa I742163 ct cagoctd tacctggagagcc titt c native fitsk rbs 

SEQ ID NO: 93 O BBa J15 OO1 ct caaggagg strong synthetic E. coli 
ribosome binding site 
With SacI site. 

SEQ ID NO: 931 BBa J26 OO2 gagagg Mario Binding Site 

SEQ ID NO: 932 BBa J29O48 aggaggattacaa RBS 

SEQ ID NO: 933 BBa J348O1 aaagaggagaaa ribosome binding site 

SEQ ID NO: 934 BBa J348O3 to acacaggaaag ribosome binding site 

SEQ ID NO: 935 BBa J34810 ggaagagg ribosome binding site 

SEO ID NO: 936 BBa J44 OO1 tttcticcitctittaat Reverse RBS (RBS) - - 
corresponds to 
BBa BOO3 O 

SEQ ID NO: 937 BBa J56O13 to acacaggaaaggcct cq Rbs2 ribosome binding 
site 

SEQ ID NO: 938 BBa J56O16 attaaagaggagaaattaagc Rbs - orig - ribosome 
binding site 

SEQ ID NO: 939 BBa J59 OO1 . . . tcgtttctgaaaaattitt cqtttctgaaaa tuba 

SEQ ID NO: 94 O BBa Jó1140 tdgctaacatagggit {rbs1 Library Member 
in BBb 
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106 
5 O-continued 

Examples Miscellaneous Constitutive Prokaryotic RBS 

Name Sequence Description 

SEQ ID NO: 973 BBa K143 021 aaaggtggtgaa SpoVG ribosome 
binding site (RBS) for 
B. subtilis 

SEQ ID NO: 974 BBa K150 005 aggaaacagaacc ribosome binding site 
of pTrce 9a 

SEQ ID NO: 975 BBa M135O1 gattgggataaataat 3KO7 gene I RBS 

SEQ ID NO: 976 BBa M13502 atcaaccoggg tacat 3KO7 gene II RBS 

SEQ ID NO: 977 BBa M13503 tttggagattittcaac 3KO7 gene III RBS 

SEQ ID NO: 978 BBa M13504 aaaaaaggtaattcaa 3KO7 gene IV RBS 

SEQ ID NO: 979 BBa M13505 catalaggtaattcaca 3KO7 gene V RBS 

SEQ ID NO: 980 BBa M13506 ataaggagt cittaatc 3KO7 gene VI RBS 

SEQ ID NO: 981 BBa M13507 gttccggctaagtaac 3KO7 gene VII 
RBS 

SEQ ID NO: 982 BBa M13508 taatggaaact tcctic 3KO7 gene VIII 
RBS 

SEQ ID NO: 983 BBa M13509 togctgggggtcaaag 3Ko7 gene IX RBS 

SEQ ID NO: 984 BBa M13510 atttgagggggattica 3KO7 gene X RBS 

SEQ ID NO: 985 BBa M13511 aatttaggit cagaag 3KO7 gene XI RBS 

SEO ID NO: 986 BBa ZO261 aatcaataggagaaatcaat Strong T 7. 2 RBS 

SEO ID NO: 987 BBaZO262 ttaaagaggagaaatactag edium strength T7.2 
RBS 

TABLE 51 TABLE 53 

Examples of Eukaryotic RBS 
Examples of Regulated Prokaryotic RBS 40 

Identifier Sequence Strength 

Identifier Sequence SEO ID NO: 992 TCTAGAGCACCACTACTAGATG O. 24 
BBa BOOf2 

SEQ ID No. 988 BBa J01010 TCTAGAGAACTAGAATCACCTCTT SEQIP No. 993 TCTAGAGTCACAccACTACTAGATG 1. 
GGATTTGGGTATTAAAGAGGAGA BBa BOOf3 

TACTAGATG SEQ ID NO: 994 TCTAGAGTCACACCACCCTACTAGA O. 84 
BBa BOO74 TG 

SEO ID NO: 989 BBa JO1080 TCTAGAGAACTAGAATCACCTCTT 
50 Terminators 

GCTTTTGGGTAAGAAAGAGGAGA 
In some embodiments, terminator sequences are provided 

TACTAGATG for use in the modules and engineered genetic counters 
described herein. Terminators are genetic sequences that usu 
ally occur at the end of a gene or operon and cause transcrip 

TABLE 52 55 tion to stop. As described herein, a terminator sequence pre 
. vents activation of downstream modules by upstream 

Examples of Regulated Yeast RBS promoters. A “terminator” or “termination signal', as 
described herein, is comprised of the DNA sequences 

Name Sequence Description involved in specific termination of an RNA transcript by an 
SEQ ID NO: 990 ccc.gc.cgccaccatggag designed 60 RNA polymerase. Thus, 1n Certa1n embodiments a terminator 
BBa Jó3 003 yeast Kozak that ends the production of an RNA transcript is contem 

sequence plated. A terminator may be necessary in vivo to achieve 
SEO ID NO: 991 t Kozak desirable message levels. cc.cgc.cgccaccatggag CZa. 
BBa K1650O2 sequence In prokaryotes, terminators usually fall into two categories 

east RBS 65 (1) rho-independent terminators and (2) rho-dependent ter (y ) 
minators. Rho-independent terminators are generally com 
posed of palindromic sequence that forms a stem loop rich in 
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G-C base pairs followed by several T bases. Without wishing 
to be bound by a theory, the conventional model of transcrip 
tional termination is that the stem loop causes RNA poly 
merase to pause, and transcription of the poly-A tail causes 
the RNA:DNA duplex to unwind and dissociate from RNA 
polymerase. 
The most commonly used type of terminator is a forward 

terminator. When placed downstream of a nucleic acid 
sequence that is usually transcribed, a forward transcriptional 
terminator will cause transcription to abort. In some embodi 
ments, bidirectional transcriptional terminators are provided. 
Such terminators will usually cause transcription to terminate 
on both the forward and reverse strand. Finally. In some 
embodiments, reverse transcriptional terminators are pro 
vided that terminate transcription on the reverse Strand only. 

In eukaryotic systems, the terminator region may also com 
prise specific DNA sequences that permit site-specific cleav 
age of the new transcript so as to expose a polyadenylation 
site. This signals a specialized endogenous polymerase to add 
a stretch of about 200 A residues (polyA) to the 3' end of the 
transcript. RNA molecules modified with this polyA tail 

10 

15 

108 
appear to more stable and are translated more efficiently. 
Thus, in other embodiments involving eukaryotes, it is pre 
ferred that a terminator comprises a signal for the cleavage of 
the RNA, and it is more preferred that the terminator signal 
promotes polyadenylation of the message. The terminator 
and/or polyadenylation site elements can serve to enhance 
message levels and/or to minimize read through between 
modules of the engineered genetic counters. As disclosed 
herein, terminators contemplated for use in the modules, 
engineered genetic counters, and methods of use thereof 
include any known terminator of transcription described 
herein or known to one of ordinary skill in the art. Such 
terminators include, but are not limited to, the termination 
sequences of genes, such as for example, the bovine growth 
hormone terminator, or viral termination sequences. Such as 
for example, the SV40 terminator. In certain embodiments, 
the termination signal may be a lack of transcribable or trans 
latable sequence, Such as due to a sequence truncation. The 
terminator used can be unidirectional orbidirectional. 

Terminators of use in the engineered genetic counters 
described herein can be selected from the non-limiting 
examples of Tables 54-58. 

TABLE 54 

Examples of Forward Terminators 

Efficiency 
Name Description Direction Fwd. Rev. Length 

BBa B0010 T1 from E. CoirrnB Forwar 8O 
BBa B0012 TE from coliphageT7 Forwar 0.309|CC -0.368CC 41 
BBa B0013 TE from coliphage T7 (+/-) Forwar 0.6CC -1.06CC) 47 
BBa BOO15 double terminator (B0010-BOO12) Forwar 0.984 CC 0.295 ICC 129 

0.97JK) 0.62JK) 
BBa BOO17 double terminator (B0010-B0010) Forwar 168 
BBa BOO53 Terminator (His) Forwar 72 
BBa BOO55 -- No description -- 78 
BBa B1002 Terminator (artificial, Forwar 0.98CH) 34 

small, 96 T -= 85%) 
BBa B1003 Terminator (artificial, small, % T ~= 80) Forwar 0.83(CH 34 
BBa B1004 Terminator (artificial, small, % T ~= 55) Forwar 0.93(CH 34 
BBa B1005 Terminator (artificial, small, % T ~= 25% Forwar 0.86CH) 34 
BBa B1006 Terminator (artificial, large, % T ~ 90) Forwar 0.99 CH) 39 
BBa B1010 Terminator (artificial, large, % T ~< 10) Forwar 0.95 CH) 40 
BBa I11013 Modification of biobricks part 129 

BBa B0015 
BBa I51003 - No description -- 110 
BBa Jó1048 rnpB-T1 Terminator Forwar 0.98JCA) 113 

TABLE 55 

Examples of Bidirectional Terminators 

Efficiency 
Name Description Direction Fwd. Rev. Length 

BBa BOO11 LuxICDABEG (+/-) Bidirectional 0.419CC/0.95JK 0.636CC/0.86JK) 46 
BBa B0014 double terminator Bidirectional 0.604CC/0.96JK 0.86JK) 95 

(B0012-BOO11) 
BBa BOO21 LuxICDABEG (+/-), Bidirectional 0.636CC/0.86JK 0.419CC/0.95JK) 46 

reversed 
BBa B0024 double terminator Bidirectional 0.86JK) 0.604CC/0.96JK) 95 

(B0012-BOO11), 
reversed 

BBa BOOSO Terminator Bidirectional 33 
(pBR322, +/-) 

BBa B0051 Terminator Bidirectional 35 
(yciA?tonA, +-) 

BBa B1001 Terminator Bidirectional 0.81 CH 34 
(artificial, 
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TABLE 55-continued 

Examples of Bidirectional Terminators 

Efficiency 
Name Description Direction Fwd. Rev. Length 

BBa B1007 Terminator Bidirectional 0.83CH 40 
(artificial, 
large, % T ~= 80) 

BBa B1008 Terminator Bidirectional 40 
(artificial, large, 
% T -- 70) 

BBa B1009 Terminator Bidirectional 40 
(artificial, 
large, % T ~= 40%) 

BBa K259006 GFP-Terminator Bidirectional 0.604CC/0.96JK 0.86JK) 823 

TABLE 56 

Examples of Reverse Terminators 

Efficiency 
Name Description Direction Fwd. Rev. Length 

BBa B0020 Terminator (Reverse Reverse 82 
B0010) 

BBa B0022 TE from coliphageT7, Reverse -0.368CC 0.309CC 41 
reversed 

BBa B0023 TE from coliphage Reverse -1.06CC) 0.6CC 47 
T7, reversed 

BBa B0025 double terminator Reverse 0.295 (CC/0.62JK) 0.984CC/0.97JK) 129 
(BOO15), reversed 

BBa B0052 Terminator (rrnC) Forward 41 
BBa B0060 Terminator (Reverse Bidirectional 33 

B0050) 
BBa B0061 Terminator (Reverse Bidirectional 35 

B0051) 
BBa B0063 Terminator (Reverse Reverse 72 

B0053) 

TABLE 57 
- 40 

Examples of Yeast Terminators 

Efficiency 
Name Description Direction Fwd. Rev. Length 

BBa JG3002 ADH1 terminator from Forward 225 45 
S. cerevisiae 

BBa K110012 STE2 terminator Forward 123 
BBa Y1015 CycE1 252 

TABLE 58 

Examples of Eukaryotic Terminators 

Efficiency 

Name Description Direction Fwd. Rev. Chassis Length 

BBa J52016 eukaryotic -- derived from SV40 Forward 238 
early polyA signal sequence 

BBa J63002 ADH1 terminator from S. cerevisiae Forward 225 

BBa K110012 STE2 terminator Forward 123 

BBa Y1015 CycE1 252 

110 
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Degradation Tags 
In some embodiments, a nucleic sequence encoding a pro 

tein degradation tag is added to the modules and engineered 
genetic counters in order to enhance protein degradation of a 
protein, such as a recombinase. As defined herein, a “degra 
dation tag is a genetic addition to the end of a nucleic acid 
sequence that modifies the protein that is expressed from that 
sequence Such that the protein undergoes faster degradation 
by cellular degradation mechanisms. Thus, such protein deg 
radation tags mark a protein for degradation, thus decreasing 
a proteins half-life. 
One of the useful aspects of degradation tags is the ability 

to detect and regulate gene activity in a time-sensitive man 
ner. Such protein degradation tags can operate through the use 
of protein-degrading enzymes, such as proteases, within the 
cell. In some embodiments, the tags encode for a sequence of 
about eleven amino acids at the C-terminus of a protein, 
wherein said sequence is normally generated in E. coli when 
a ribosome gets stuck on a broken (“truncated') mRNA. 
Without a normal termination codon, the ribosome can't 
detach from the defective mRNA. A special type of RNA 
known asssrA (“small stable RNA A) ortmRNA (“transfer 
messenger RNA) rescues the ribosome by adding the deg 
radation tag followed by a stop codon. This allows the ribo 
Some to break free and continue functioning. The tagged, 
incomplete protein can get degraded by the proteases ClpXP 
or ClpAP. Although the initial discovery of the number of 
amino acids encoding for an SSR.A/tmRNA tag was eleven, 
the efficacy of mutating the last three amino acids of that 
system has been tested. Thus, the tags AAV, ASV, LVA, and 
LAA are classified by only three amino acids. 

In some embodiments, the protein degradation tag is an 
SSrA tag. In some embodiments, the SSrA tag comprises a 
sequence that is selected from the group consisting of 
sequences that encode for the peptides RPA ANDENYALAA 
(SEQID NO:995), RPAANDENYALVA (SEQID NO: 996), 
RPAANDENYAAAV (SEQ ID NO: 997), and RPAANDE 
NYAASV (SEQID NO:998). 

In some embodiments, the protein degradation tag is an 
LAA variant comprising the sequence GCAGCAA ACGAC 
GAAAACTACGCTTTAGCAGCTTAA (SEQ ID NO: 999). 
In one embodiment, the protein degradation tag is an AAV 
variant comprising the sequence GCAGCAA ACGAC 
GAAAACTACGCTGCAGCAGTTTAA (SEQ ID NO: 
1000). In some embodiments, the protein degradation tag is 
an ASV variant comprising the sequence GCAGCAAAC 
GACGAAAACTACGCTGCATCAGTTTAA (SEQ ID NO: 
1001). 
Output Product Sequences and Output Products 
A variety of biological output gene and output product 

nucleic acid sequences are provided for use in the various 
modules and engineered genetic counters described herein. 
The biological outputs, or output gene products, as described 
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herein, refer to gene products that can are used as markers of 
specific states of the modules and engineered genetic 
counters described herein. An output gene can encode for a 
protein or RNA that is used to track or mark the state of the 
cell upon receiving a particular input. Such output gene prod 
ucts can be used to distinguish between various states of a 
cell. Representative output products for the engineered 
genetic counters described herein include, but are not limited 
to, reporter proteins, transcriptional repressors, transcrip 
tional activators, selection markers, enzymes, receptor pro 
teins, ligand proteins, RNAS, riboswitches or short-hairpin 
RNAS. 
Reporter Outputs 

In some embodiments of the aspects described herein, the 
output gene products are “reporters. As defined herein, 
reporters are proteins that can be used to measure gene 
expression and generally produce a measurable signal Such as 
fluorescence, color, or luminescence. Reporter protein coding 
sequences encode proteins whose presence in the cell or 
organism is readily observed. For example, fluorescent pro 
teins cause a cell to fluoresce when excited with light of a 
particular wavelength, luciferases cause a cell to catalyze a 
reaction that produces light, and enzymes such as B-galac 
tosidase convert a Substrate to a colored product. In some 
embodiments, reporters are used to quantify the strength or 
activity of the signal received by the modules or biological 
converter switches of the invention. In some embodiments, 
reporters can be fused in-frame to other protein coding 
sequences to identify where a protein is located in a cell or 
organism. 

There are several different ways to measure or quantify a 
reporter depending on the particular reporter and what kind of 
characterization data is desired. In some embodiments, 
microscopy can be a useful technique for obtaining both 
spatial and temporal information on reporter activity, particu 
larly at the single cell level. In other embodiments, flow 
cytometers can be used for measuring the distribution in 
reporter activity across a large population of cells. In some 
embodiments, plate readers may be used for taking popula 
tion average measurements of many different samples over 
time. In other embodiments, instruments that combine Such 
various functions, can be used. Such as multiplex plate readers 
designed for flow cytometers, and combination microscopy 
and flow cytometric instruments. 

Fluorescent proteins are convenient ways to visualize or 
quantify the output of a module or engineered genetic 
counter. Fluorescence can be readily quantified using a 
microscope, plate reader or flow cytometer equipped to excite 
the fluorescent protein with the appropriate wavelength of 
light. Since several different fluorescent proteins are avail 
able, multiple gene expression measurements can be made in 
parallel. Non-limiting examples of fluorescent proteins use 
ful for the engineered genetic counters described herein are 
provided in Table 59. 

TABLE 59 

Examples of Fluorescent Protein Reporters 

Name Protein 

BBa E0O30 EYFP 

BBa E0O20 ECFP 

BBa E1010 RFP1 

Description Tag Emission Excitation Length 

enhanced yellow fluorescent None 527 S14 723 
protein derived from A. victoria 

engineered cyan fluorescent None 476 439 723 
protein derived from A. victoria 

**highly engineered None 607 S84 681 
mutant of red fluorescent 
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TABLE 59-continued 

Examples of Fluorescent Protein Reporters 

Name Protein Description Tag Emission Excitation Length 

protein from Discosomastriata 
(coral) 

BBa E2050 mCorange derivative of mRFP1, yeast- None S62 S48 744 
optimized 

BBa E0040 GFPmut3b green fluorescent protein None 511 5O1 720 
derived from jellyfish 
Aequeora victoria wild-type 
GFP (SwissProt: P42212 

BBa J52021 dnTrafö-linker-GFP 1446 
BBa J52026 dnMyD88-linker-GFP 1155 
BBa. I715022 Amino Portion of RFP 462 
BBa. I715023 Carboxyl portion of RFP 220 
BBa. I712028 CherryNLS - synthetic 733 

construct monomeric red 
fluorescent protein with 
nuclear localization sequence 

BBa K1 25500 GFP fusion brick 718 
BBa K106000 GFP, AarIBD part 71.4 
BBa K106004 mCherry, Aarl AB part 708 
BBa K106005 mCherry, Aarl BD part 708 
BBa K106028 GFP, AarIAB part 71.4 
BBa K165005 Venus YFP, yeast optimized 744 

for fusion 
BBa K157005 Split-Cerulean-cCFP 261 
BBa K157006 Split-Cerulean-nCFP 483 
BBa K157007 Split-Venus-cYFP 261 
BBa K157008 Split-Venus-nYFP 486 
BBa K125810 slr2016 signal sequence + 779 

GFP fusion for secretion of 
GFP 

BBa KO82003 GFP GFP(+LVA) 756 
BBa K1 S6009 OFP (orange fluorescent 864 

protein) 
BBa K156010 SBFP2 (strongly enhanced 720 

blue fluorescent protein) 
BBa K106671 GFP, Aar1 AD part 71.4 
BBa K2.94055 GFPmut3b GFP RFP Hybrid None 511 5O1 720 
BBa K192001 CFP + tigt +lva 858 
BBa K180001 GFPmut3b Green fluorescent protein LVA 754 

(+LVA) 
BBa K283005 lipp Omp A eGFP streptavidin 1533 
BBa K180008 mCherry mCherry (rights owned by 708 

Clontech) 
BBa K18.0009 mBanana mBanana (rights owned by 708 

Clontech) 

Luminescence can be readily quantified using a plate TABLE 61 
reader or luminescence counter. Luciferases can be used as 
output gene products for various embodiments of the inven 
tion, for example, measuring low levels of gene expression, 
because cells tend to have little to no background lumines 
cence in the absence of a luciferase. Non-limiting examples 
of luciferases are provided in Table 60. 

TABLE 60 

Examples of Luciferases 

Name Description Length 

BBa J52011 dnMyD88-linker-Rluc 1371 
BBa JS2013 dnMyD88-linker-Rluc-linker-PEST191 1872 
BBa I712019 Firefly luciferase - luciferase 1653 

from Photinus pyralis 

In other embodiments, enzymes that produce colored Sub 
strates can be quantified using spectrophotometers or other 
instruments that can take absorbance measurements includ 
ing plate readers. Like luciferases, enzymes like B-galactosi 
dase can be used for measuring low levels of gene expression 
because they tend to amplify low signals. 

45 
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Examples of Enzymes that Produce Colored Substrates 

Name Protein Description Length 

BBa I732006 lacZ alpha fragment 234 
BBa I732005 lacZ (encoding beta- 3075 

galactosidase, full-length) 
BBa K147002 xylE 924 

Another reporter gene output product for use in the differ 
ent aspects described herein include: 

TABLE 62 

Examples of Other Reporter Genes 

Name Protein Description Length 

BBa K157004 Fluoresceine-A-binding 522 

Transcriptional Outputs: 
In some embodiments of the different aspects described 

herein, the output gene product of a given module or engi 
neered genetic counter is itself a transcriptional activator or 
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repressor, the production of which by an output gene can 
result in a further change in state of the cell, and provide 
additional input signals to Subsequent or additional modules 
or engineered genetic counters. Transcriptional regulators 
either activate or repress transcription from cognate promot 
ers. Transcriptional activators typically bind nearby to tran 
scriptional promoters and recruit RNA polymerase to directly 

116 
initiate transcription. Repressors bind to transcriptional pro 
moters and sterically hinder transcriptional initiation by RNA 
polymerase. Other transcriptional regulators serve as either 
an activator or a repressor depending on where it binds and 
cellular conditions. Examples of transcriptional regulators as 
output gene products are provided in Table 63. 

TABLE 63 

Examples of Transcriptional Regulators 

Name Protein Description Tag Direction Uniprot Length 

BBa COO79 lasR- lasRactivator from Paeruginosa LVA Forward P25084 756 
LVA PAO1 (+LVA) 

BBa COO77 cinR cinRactivator from Rhizobium LVA Forward -- 762 
leguminosarum (+LVA) Q84HT2 

BBa CO179 lasR lasRactivator from Paeruginosa None Forward P25084 723 
PAO1 (no LVA) 

BBa JO7009 ToxR toxicity-gene activator from None Forward P15795 630 
Vibrio choierae 

BBa K118001 appy coding sequence encoding 753 
a DNA-binding transcriptional 
activator 

BBal K1371.13 rcSA 624 
BBal K131022 LuxO D47E, Vibrio harveyi 1362 
BBal K131023 LuxO D47A, Vibrio harveyi 1362 
BBa KO82006 LuxR-G2F 753 
BBa K294205 This is a coding sequence of heat 402 

shock protein from E. coli 
BBa S04301 lasR- COO79:BOO15 LVA Forwar P25084 918 

LVA 
BBa K266002 lasR- LasR + Term LVA Forwar P25084 918 

LVA 
BBa COO12 LacI acI repressor from E. coli LVA Forwar PO3O23 1128 

(+LVA) 
BBa COO40 TetR etracycline repressor from LVA Forwar P04483 660 

transposon Tn 10 (+LVA) 
BBa COOSO CI cIrepressor from phage HKO22 LVA Forwar P1868O 744 

HKO22 (+LVA2) 
BBa COO51 CI cI repressor from E. coli phage LVA Forwar PO3O34 750 

lambda lambda (+LVA) 
BBa COO52 CI434- cI repressor from phage 434 LVA Forwar P16117 669 

LVA (+LVA) 
BBa COO53 C2 P22 c2 repressor from Salmonella LVA Forwar P692O2 687 

phage P22 (+LVA) 
BBa COO73 nint- mint repressor (weak) from LVA Forwar PO3O49 288 

weak Salmonella phage P22 (+LVA) 
BBa COO75 cI TP901 cI repressor from phage LVA Forwar Ole 579 

TP901 TP901-1 (+LVA) 
BBa COO74 penI penIrepressor from Bacilius LVA Forwar PO6555 423 

licheniformis (+LVA) 
BBa COO72 nint mint repressor (strong) from LVA Forwar PO3O49 288 

Salmonella phage P22 (+LVA) 
BBa C2001 Zif23- Zif23-GCN4 engineered LVA Forwar PO3069 300 

GCN4 repressor (+LVA, C2000 codon 
optimized for E. coli) 

BBa COO56 CI434 cI repressor from phage 434 (no None Forwar P16117 636 
LVA) 

BBa J065O1 LacI- LacI repressor (temperature- LVA Forwar -- 153 
mut2 sensitive mut 265) (+LVA) PO3O23 

BBa JO6500 LacI- LacI repressor (temperature- LVA Forwar -- 153 
mut1 sensitive mut 241) (+LVA) PO3O23 

BBa C2006 MalE.Factorxa.Zif268-GCN4 428 
BBa. I715032 lacIq reverse 128 
BBa. I732100 Lac O86 
BBa. I732101 LRLa O86 
BBa. I732105 ARL2AO1O1 O86 
BBa. I732106 ARL2AO1O2 O86 
BBa. I732107 ARL2AO103 O86 
BBa. I732110 ARL2AO2O3 O86 
BBa. I732112 ARL2AO3O1 O86 
BBa. I732115 ARL4AO604 O86 
BBa KO91001 LSrR gene Forward 954 
BBa KO91121 LacI wild-type gene O83 
BBa KO91122 LacI I12 protein O83 
BBa K143033 LacI (Lva, N-terminal deletion) O86 

regulatory protein 
BBa K142000 lacIIS mutant (IPTG 128 

unresponsive) R197A 
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TABLE 63-continued 

Examples of Transcriptional Regulators 

Name Protein Description Tag Direction Uniprot Length 

BBa K142001 acI IS mutant (IPTG 28 
unresponsive) R197F 

BBa K142002 acI IS mutant (IPTG 28 
unresponsive) T276A 

BBa K142003 acI IS mutant (IPTG 28 
unresponsive) T276F 

BBa K106666 Lac Repressor, AarIAB part O4 
BBa K1066.67 Lac Repressor, AarIBD part O7 
BBa K142004 acI IS mutant (IPTG 28 

unresponsive) R197AT276A 
BBa K106668 Tet Repressor, AarIAB part 618 
BBa K106669 Tet Repressor, AarIBD part 621 
BBa K142005 acI IS mutant (IPTG 28 

unresponsive) R197AT276F 
BBa K142OO6 acI IS mutant (IPTG 28 

unresponsive) R197F T276A 
BBa K142007 acI IS mutant (IPTG 28 

unresponsive) R197F T276F 
BBa KO82004 LacI LacI-wild type O83 
BBa KO82005 LacI LacI-Mutant O83 
BBa COO62 LuxR uXR repressori activator, (no None Forward P12746 756 

LVA2) 
BBa COO71 rhR- rhlR repressoriactivator from Paeruginosa LVA Forward P54292 762 

LVA PA3477 (+LVA) 
BBa COO80 araC araCarabinose operon regulatory LVA Forward P0A9EO 915 

protein (repressor activator) 
rom E. coli (+LVA) 

BBa CO171 rhIR rhlR repressoriactivator from Paeruginosa None Forward P54292 729 
PA3477 (no LVA) 

BBa K108021 Fis 297 

Selection Markers 
In other embodiments of the various aspects described 

herein, genes encoding selection markers are used as output 
genes. “Selection markers', as defined herein, are protein 
coding sequences that confer a selective advantage or disad 
Vantage to a biological unit. Such as a cell. For example, a 
common type of prokaryotic selection marker is one that 
confers resistance to a particular antibiotic. Thus, cells that 
carry the selection marker can grow in media despite the 
presence of antibiotic. For example, most plasmids contain 
antibiotic selection markers so that it is ensured that the 

Examples of Selection Markers 

Name Protein Description Tag Direction UniProt KEGG Length 

BBa T9150 PyrF orotidine 5 None Forward PO8244 eco:b1281: 741 
BBa J31002 AadA- kanamycin POAGOS Ole 816 

bkw resistance 
backwards (KanB) 
cf. BBa J23012 & 
BBa J31003) 

BBa J31003 AadA2 kanamycin POAGOS Ole 816 
resistance forward 

(KanF) cf. 
BBa J23012 & 
BBa J31002) 

BBa J31004 CAT chloramphenicol P62577 Ole 660 
bkw acetyltransferase 

(backwards, CmB) 
cf. BBa J31005 

BBa J31006 TetA(C)- tetracycline PO2981 1.191 
bkw resistance protein 

TetA(C) 
(backwards) cf. 
BBa J31007) 

BBa J31005 CAT chloramphenicol P62577 Ole 660 

118 

35 

40 

plasmid is maintained during cell replication and division, as 
cells that lose a copy of the plasmid will soon either die or fail 
to grow in media Supplemented with antibiotic. A second 
common type of selection marker, often termed a positive 
selection marker, are those that are toxic to the cell. Positive 
selection markers are frequently used during cloning to select 
against cells transformed with the cloning vector and ensure 
that only cells transformed with a plasmid containing the 
insert. Examples of output genes encoding selection markers 
are provided in Table 64. 

TABLE 64 

acetyltransferase 
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TABLE 64-continued 
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Examples of Selection Markers 

Name Protein Description Tag Direction UniProt KEGG Length 

(forwards, CmF) 
cf. BBa J31004) 

BBa J31.007 TetAC) tetracycline PO2981 1.191 
resistance protein 
TetA(C) (forward), 
cf. BBa J31006) 

BBa K145151 cccdB coding region 306 
BBa K143031 Aad9 771 

Spectinomycin 
Resistance Gene 

BBa K156011 aadA (streptomycin 789 
3'- 
adenyltransferase) 

Enzyme Outputs thetic pathways. These enzymes have applications in spe 
An output gene sequence can encode an enzyme for use in 

different embodiments the modules and engineered genetic 
counters described herein. In some embodiments, an enzyme 
output is used as a response to a particular input. For example, 
in response to aparticular number of inputs received by one or 
more engineered genetic counters described herein, such as a 
certain range of toxin concentration present in the environ 
ment, the engineered genetic counter may “turn on a modu 
lar component that encodes as an output gene product an 
enzyme that can degrade or otherwise destroy the toxin. 

In some embodiments, output gene sequences encode 
“biosynthetic enzymes' that catalyze the conversion of sub 
strates to products. For example, such biosynthetic enzymes 
can be combined together along with or within the modules 
and engineered genetic counters of the invention to construct 
pathways that produce or degrade useful chemicals and mate 
rials, in response to specific signals. These combinations of 
enzymes can reconstitute either natural or synthetic biosyn 
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cialty chemicals, biofuels, and bioremediation. Descriptions 
of enzymes useful for the modules and engineered genetic 
counters of the invention are described herein. 
N-Acyl Homoserine lactones (AHLs or N-AHLs) are a 

class of signaling molecules involved in bacterial quorum 
sensing. Quorum sensing is a method of communication 
between bacteria that enables the coordination of group based 
behavior based on population density. In synthetic biology, 
genetic parts derived from quorum sensing systems have been 
used to create patterns on a lawn of bacteria and to achieve 
synchronized cell behavior. AHL can diffuse across cell 
membranes and is stable in growth media over a range of pH 
values. AHL can bind to transcriptional activators such as 
LuxR and stimulate transcription from cognate promoters. 
Several similar quorum sensing systems exists across differ 
ent bacterial species; thus, there are several known enzymes 
that synthesize or degrade different AHL molecules that can 
be used for the modules and engineered genetic counters of 
the invention. 

TABLE 65 

Examples of AHLs 

Name Protein 

BBa COO61 luxI 
LVA 

BBa COO60 aiiA 
LVA 

BBa COO70 rhII 
LVA 

BBa COO76 cinI 

BBa COO78 las 

BBa CO161 luxI 

BBa CO 170 rhII 

Description 

autoinducer 

Direction Uniprot KEGG E.C. Length 

Forward P12747 Ole Ole 618 
synthetase for 
AHL 
autoinducer Forward Q1WNZ5 none 3.1.1.— 789 
inactivation 
enzyme from 
Bacilius: 
hydrolyzes 
acetyl 
homoserine 
lactone 
autoin 
synthe 

Ce Forward 642 
ase for 

Q02QW5 none Ole 

(BHL) 
autoin 
synthe 
autoin 
synthe 

and HHL 
Ce 

8Se. 

Ce 

ase for 

Forward Q1 MDW1 none Ole 702 

Forward P33883 pae:PA1432 none 642 

PAI from 
Pseudomonas 
aeruginosa 
autoin 
synthe 

Ce Forward P12747 Ole Ole 585 

ase for 
AHL (no LVA) 
autoin 
synthe 

Ce Forward Ole Ole 609 

ase for 
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TABLE 65-continued 
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Examples of AHLS 

Name Protein Description Direction Uniprot KEGG E.C. Length 

(BHL) and HHL 
(no LVA) 

BBa CO178 las autoinducer Forward P33883 pae:PA1432 none 609 
synthetase for 
PAI from 
Pseudomonas 
aeruginosa (no 
LVA) 

BBa KO91109 LuxS S16 
BBa COO60 aiiA- autoinducer Forward Q1WNZ5 none 3.1.1.— 789 

LVA inactivation 
enzyme from 
Bacilius: 
hydrolyzes 
acetyl 
homoserine 
actOne 

BBa CO160 aiiA autoinducer Forward Q1WNZ5 none 3.1.1.— 756 
inactivation 
enzyme aiiA (no 
LVA) 

Isoprenoids, also known as terpenoids, are a large and 25 TABLE 66-continued 
highly diverse class of natural organic chemicals with many 
functions in plant primary and secondary metabolism. Most 
are multicyclic structures that differ from one another not Examples of Isoprenoids 
only in functional groups but also in their basic carbon skel 
etons. Isoprenoids are synthesized from common prenyl 30 Name Description Length 
diphosphate precursors through the action of terpene Syn 
thases and terpene-modifying enzymes Such as cytochrome BBa K115050 A-coA-> AA-coA 1188 
P450 monooxygenases. Plant terpenoids are used extensively BBa K11SOS6 IPP-> OPP or DMAPP-> OPP 552 
for their aromatic qualities. They play a role in traditional a O 
herbal remedies and are under investigation for antibacterial, as BBa K115057 OPP-FPP 903 
antineoplastic, and other pharmaceutical functions. Much BBa K118002 crtB coding sequence encoding phytoene 933 
effort has been directed toward their production in microbial synthase 
hosts. 

There are two primary pathways formaking isoprenoi ds: BBa K118003 crtI coding sequence encoding phytoene 1482 
the mevalonate pathway and the non-mevalonate pathway. 40 dehydrogenase 

BBa K118008 crtY coding sequence encodinglycopene B- 1152 
TABLE 66 

Examples of Isoprenoids 

Name Description Length 

BBa K118000 dxS coding sequence encoding 1- 1866 
deoxyxylulose-5-phosphate synthase 

45 

cyclase 

Odorants are volatile compounds that have an aroma 
detectable by the olfactory system. Odorant enzymes convert 
a Substrate to an odorant product. Exemplary odorant 
enzymes are described in Table 67. 

TABLE 67 

Examples of Odorant Enzymes 

Name Protein 

BBa J45001 SAMT 

BBa J45002 BAMT 

BBa J45004 BSMT1 

Description Uniprot KEGG E.C. Length 

SAM: salicylic acid 1155 
carboxyl 
methyltransferase: 
converts Salicylic acid to 
methyl salicylate (winter 
SAM: benzoic acid 
carboxyl 
methyltransferase: 
converts benzoic acid to 
methyl benzoate (floral 
odor) 
SAM: benzoic 
acid salicylic acid 
carboxyl 
methyltransferase I: 

Q9FYZ9 none 2.1.1.— 1098 

Q84UB5 none Ole 1074 
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TABLE 67-continued 

Examples of Odorant Enzymes 

Name Protein Description Uniprot KEGG E.C. Length 

converts Salicylic acid to 
methyl sali 

BBa J45008 BAT2 branched-chain amino P47176 Sce:YR148W 2.6.1.42 1134 
acid transaminase 
(BAT2); converts leucine 
to alpha-ketoisocaproate 

BBa J45O14 ATF1- alcohol acetyltransferase P40353 Sce:YOR377W 2.3.1.84 1581 
1148 I; converts isoamyl 
mutant alcohol to isoamyl 

acetate (banana odor) 
BBa J45O17 PchA & isochorismate pyruvate- 1736 

PCB lyase and isochorismate 
synthase (pchBA); 
converts chorismate to 
salicylate 

BBa. I742107 COMT 1101 

2O 

The following are exemplary enzymes involved in the bio- TABLE 69 
synthesis of plastic, specifically polyhydroxybutyrate. 

TABLE 68 

Examples of Plastic Biosynthesis Enzymes 

Name Description Length 

BBai K125504 phaE BioPlastic polyhydroxybutyrate 996 
synthesis pathway (origin PCC6803 
slr1829) 

BBai K12SSO1 phaA BioPlastic polyhydroxybutyrate 1233 
synthesis pathway (origin PCC6803 
slr1994) 

BBai K12SSO2 phaB BioPlastic polyhydroxybutyrate 726 
synthesis pathway (origin PCC6803 
slr1993) 

BBai K12SSO3 phaC BioPlastic polyhydroxybutyrate 1140 
synthesis pathway (origin PCC6803 
slr1830) 

BBa K156O12 phaA (acetyl-CoA acetyltransferase) 1182 
BBa K1S6013 phaB1 (acetyacetyl-CoA reductase) 741 
BBa K156014 phaC1 (Poly(3-hydroxybutyrate) polymerase) 

The following are exemplary enzymes involved in the bio 
synthesis of butanol and butanol metabolism. 
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Examples of Butanol Biosynthesis Enzymes 

Name Description Length 

BBa. I725O11 B-hydroxybutyryl coA dehydrogenase 870 
BBa I72512 Enoyl-coa hydratase 8O1 
BBa I725013 Butyryl CoA dehyrogenase 1155 
BBa I725O14 Butyraldehyde dehydrogenase 2598 
BBa. I725O15 Butanol dehydrogenase 1188 

Bisphenol A is a toxin that has been shown to leech from 
certain types of plastic. Studies have shown this chemical to 
have detrimental effects in animal studies and is very likely to 
be harmful to humans as well. The following exemplary 
bisphenol A degradation protein coding sequences are from 
Sphingomonas bisphenolicum and may aid in the remediation 
of bisphenol A contamination. 

TABLE 70 

Examples of Bisphenol A Biosynthesis Enzymes 

Name Description Length 

BBa K123001 BisdB 1284 
BBa K123000 Bisda 330 

Other miscellaneous enzymes for use in the invention are 
provided in Table 71. 

TABLE 71 

Examples of Miscellaneous Biosynthetic Enzymes 

Name Description Direction Uniprot KEGG E.C. Length 

BBa K1 18022 ceX coding sequence 1461 
encoding Cellulomonas 
fini exoglucanase 

BBa K1 18023 cenA coding sequence 1353 
encoding Cellulomonas 
fini endoglucanase A 

BBa K1 18028 beta-glucosidase gene 228O 
bg|X (chu 2268) from 
Cytophaga hitchinsonii 

BBa COO83 aspartate ammonia-lyase Forward POAC38 eco:b4139 4.3.1.1 1518 
BBa. I15008 heme oxygenase (hol) Forward P72849 syn:sl1 184 1.14.99.3 726 

from Synechocystis 
BBa. I15009 phycocyanobilin:ferredoxin Forward Q55891 syn:slro116 1.3.7.5 750 

oxidoreductase (PcyA) 
from Synechocystis 



Examples of Miscellaneous BioSynthetic Enzymes 

Name Description Direction Uniprot KEGG E.C. Length 

BBa T9150 orotidine 5 Forward PO8244 eco:b1281: 4.1.1.23 741 
BBa. I716153 hemB 975 
BBa. I716154 hemC 942 
BBa. I716155 hemD 741 
BBa I716152 hemA (from CFT703) 257 
BBa I742141 samS (coumarate S42 

hydroxylase) coding 
Sequence 

BBa I742142 sam8 (tyrosine-ammonia 536 
yase) coding sequence 

BBa. I723024 PhzM O19 
BBa. I723O25 PhzS 210 
BBa K137005 pab A. (from pABA 585 

synthesis) 
BBa K137006 pabB (from p ABA 890 

synthesis) 
BBa K137009 folB (dihydroneopterin 3S4 

aldolase) 
BBa K137011 folKE (GTP 053 

Cyclohydrolase I+ 
pyrophosphokinase) 

BBa K137017 Galactose Oxidase 926 
BBa K118015 glgC coding sequence 299 

encoding ADP-glucose 
pyrophosphorylase 

BBa K1 18016 glgC16 (glgC with G336D 299 
Substitution) 

BBa K123001 BisdB 284 
BBa K108018 PhbAB 997 
BBa K108026 XylA 053 
BBa K108027 XylM 110 
BBa K108028 XylB 101 
BBa K108029 XylS 966 
BBa K147003 ohibA 531 
BBa K123000 BisdA 330 
BBa K284.999 Deletareste 431 
BBa. I716253 HPI, katC 2181 
BBal K137000 katE 2265 
BBa K137014 katE + LAA 2298 
BBal K137O67 katG 21.84 
BBa KO78102 dxnB 886 
BBa K078003 one part of the initial 1897 
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TABLE 71-continued 

dioxygenase of the dioxin 
degradation pathway 

Other enzymes of use in the modules and engineered 
genetic counters of the invention include enzymes that phos 45 
phorylate or dephosphorylate either small molecules or other 
proteins, and enzymes that methylate or demethylate other 
proteins or DNA. 

TABLE 72 

Examples of Phosphorylation and Methylation-Related Enzymes 

Name Protein 

BBa COO82 tar 
envz. 

BBa J58104 

BBa J58105 

BBa. I752001 

BBa KO910O2 
BBa K147000 
BBa K118015 

Description 

Receptor, tar-envZ Forward 

Fusion protein Trg 
EnvZ for signal 
transduction 
Synthetic 
periplasmic binding 
protein that docks a 
vanillin molecule 
CheZ coding 
Sequence 
(Chemotaxis protein) 
LSrK gene 
chez 
glgC coding 
sequence encoding 

Forward 

Direction Uniprot KEGG E.C. 

1491 

1485 

891 

639 

1593 
835 
1299 

Length 

126 
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Examples of Phosphorylation and Methylation-Related Enzymes 

Name Protein Description Direction Uniprot KEGG E.C. Length 

ADP-glucose 
pyrophosphorylase 

BBa K118O16 glgC16 (glgC with 1299 
G336D substitution) 

BBa KO94100 cheZ gene 695 
BBal K136046 envZ* 1353 
BBa K283.008 chez chez Histag 713 
BBa COO24 CheB CheB chemotaxis Forward PO7330 JW1872 3.1.1.61 1053 

coding sequence 
(protein glutamate 
methylesterase) 

BBa K108020 Dam 837 

Also useful as output gene products for the purposes of the 
invention are receptors, ligands, and lytic proteins. Receptors 
tend to have three domains: an extracellular domain for bind 
ing ligands Such as proteins, peptides or Small molecules, a 
transmembrane domain, and an intracellular or cytoplasmic 
domain which frequently can participate in Some sort of sig 
nal transduction event such as phosphorylation. In some 
embodiments, transporter, channel, or pump gene sequences 
are used as output genes. Transporters are membrane proteins 
responsible for transport of Substances across the cell mem 

25 

brane. Channels are made up of proteins that form transmem 
brane pores through which selected ions can diffuse. Pumps 
are membrane proteins that can move Substances against their 
gradients in an energy-dependent process known as active 
transport. In some embodiments, nucleic acid sequences 
encoding proteins and protein domains whose primary pur 
pose is to bind other proteins, ions, Small molecules, and other 
ligands are used. Exemplary receptors, ligands, and lytic pro 
teins are listed in Table 73. 

TABLE 73 

Examples of Receptors. Ligands, and Lytic Proteins 

Name Protein 

Ba JO7009 ToxR 

Bal K133063 
Bal K133064 
Bal K133065 
Bal K133069 
Bal K133067 

K133060 
Ba K209400 
Ba K2094.01 
Ba. I712002 
Ba. I712003 
Ba. I712010 

Ba. 

B B 8. I71 2017 

B B 8. I15010 
I728500 

Cph8 

B B 8. J52035 
BBa K259000 

BBa K259001 

BBa J58104 

BBal K137112 
BBa COO82 tar 

envz. 
J58105 

B B 8. I71 2012 
K143037 B B 8. 

Ba JO7006 
Ba JO7017 

K141000 
Ba K1410O2 
Ba K141003 

UCP1 B 8. 

Description 

toxicity-gene activator from 
Vibrio choierae 
(TIR)TLR3 
(TIR)TLR9 
(TMTIR)TLR3 
(TMTIR)TLR3stop 
(TMTIR)TLR4 
(TMTIR)TLR9 
AarI B-C part, hM4D 
AarI B-C part, Rs 1.3 
CCR5 
CCRS-NUb 
CD4 sequence without signal 
peptide 
Chemokine (CXC motif) 
receptor 4, fused to N-terminal 
half of ubiquitin. 
cph8 (Cph1/EnvZ fusion) 
CPX Terminal Surface Display 
Protein with Polystyrene 
Binding Peptide 
dnMyD88 
huA - Outer membrane 
transporter for ferrichrome-iron 
iu B Outer Membrane Ferric 
ron Transporter 
Fusion protein Trg-EnvZ for 
signal transduction 
amB 
Receptor, tar-envZ 

Synthetic periplasmic binding 
protein that docks a vanillin 
molecule 
TIR domain of TLR3 
Ytv A Blue Light Receptor for 
B. subtiis 
malE 
Feca protein 
Ucp1 
Ucp 175 deleted 
Ucp 76 deleted 

Tag Direction 

None Forward 

None Forward 

LVA Forward 

UniProt 

P15795 

Length 

630 

453 
585 
600 
603 
621 
645 
1434 
1407 
1059 
1194 
1299 

1.191 

2238 
654 

420 
2247 

2247 

1485 

1339 
1491 

891 

456 
789 

1.191 
2325 
924 
921 
921 
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TABLE 73-continued 

Name Protein Description Tag Direction UniProt Length 

BBa K190O28 GlpF 846 
BBa. I746200 FepA L8T Mutant - Large 2208 

Diffusion pore for E. coli Outer 
membrane. 

BBa. I765OO2 ExbB membrane spanning 735 
protein in TonB-ExbB-ExbD 
complex Escherichia coli K12 

BBa. I765 003 TonB ferric siderophore 735 
transport system, periplasmic 
binding protein TonB 
Pseudomonas entomophia 

BBa KO90000 Glutamate gated K+ channel 1194 
BBa K284.000 Lactate Permease from 1873 

Kluyveromyces lactis 
BBa K284997 Deletar este 1069 
BBa J22101 Lac Y gene 1288 
BBa KO79015 Lacy transporter protein from E. coli 1254 
BBa K119003 Rcn A (YohM) 833 
BBal K137001 Lacy 1254 
BBa. I712024 CD4 1374 
BBal K133061 CD4 ecto 1113 
BBal K136046 envZ* 1353 
BBa K157002 Transmembrane region of the 87 

EGF-Receptor (ErbB-1) 
BBa K227006 puc BA coding region of R. Sphaeroides forward 336 
BBa M12067 E1 264 
BBa. I721002 Lead Binding Protein 399 
BBa K1 26000 TE33 Fab L chain 648 
BBal K133070 gyrEC 660 
BBal K133062 gyrHP 660 
BBa K157003 Anti-NIP singlechain Fv- 753 

Fragment 
BBa K211001 RIT 987 
BBa K211002 RI7-Odr10 chimeric GPCR 1062 
BBa K103004 protein ZSP 4-1 190 
BBa K128003 p1025 101 
BBal K133059 RGD 9 
BBa K283010 Streptavidin 387 
BBa K103004 protein ZSP 4-1 190 
BBa K128003 p1025 101 
BBal K133059 RGD 9 
BBa K283010 Streptavidin 387 
BBa K112000 Holin T4 holin, complete CDS, 657 

berkeley standard 
BBa K112002 Holin T4 holin, without stop codon, 654 

berkeley standard 
BBa K112004 a-T4 holin in BBb 661 
BBa K112006 T4 antiholin in BBb 294 
BBa K112009 in BBb 288 
BBa K112010 a-T4 antiholin in BBb 298 
BBa K112012 T4 lysozyme in BBb 495 
BBa K112015 in BBb 489 
BBa K112016 a-T4 lysozyme in BBb 499 
BBa K117,000 Lysis gene (promotes lysis in 144 

colicin-producing bacteria strain) 
BBa K124014 Bacteriophage Holin Gene 317 

S1 OS 
BBa K108001 SRRz 1242 
BBa K112300 {lambda lysozyme in BBb 477 

ormat 

BBa K112304 {a-lambda lysozyme in BBb 481 
ormat 

BBa K112306 {lambda holin in BBb format 318 
BBa K112310 {a-lambda holin; adheres to 322 

Berkeley standard 
BBa K112312 {lambda antiholin; adheres to 324 

Berkeley standard 
BBa K112316 {a-lambda antiholin; adheres to 328 

Berkeley standard 
BBa K124017 Bacteriophage Lysis Cassette 1257 

S105, R, and Rz 
BBa K112806 T4 endolysin S1.4 
BBa K284001 Lysozyme from Gaius gait is 539 

130 
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Single Invertase Memory Modules 
In some aspects, different components, such as promoters, 

promoter activators promoter repressors, recombinases, and 
output gene products, are provided to create novel biological 
modules to be used in the engineered genetic counters 
described herein. The ability to create and modulate various 
combinations of the different components and modules pro 
vides flexibility in the designs and uses of the engineered 
genetic counters described herein. 
One exemplary module for use in the engineered genetic 

counters described herein is the “single invertase memory 
module. As defined herein, a 'single invertase memory mod 
ule (SIMM) is a stable, switchable bit of memory that uses 
recombinases, such as Cre and flp, which can invert DNA 
between two oppositely oriented cognate recombinase recog 
nition sites. A unique feature and advantage of SIMMs, of 
relevance to their use in the engineered genetic counters 
described herein, is the lack of both “leakiness' and mixtures 
of inverted and non-inverted states that can be caused by 
expressing recombinases independently from their cognate 
recognition sites. Thus, the use of SIMMs in the engineered 
genetic counters described herein allows for the maintenance 
of memory, and provides the ability to count between discrete 
states by expressing the recombinases between their cognate 
recognition sites. 
A SIMM is a nucleic acid-based module comprising a 

recombinase sequence that is located between its cognate 
recombinase recognition sites, and downstream of an inverted 
inducible promoter sequence, i.e., RRS-iP-RC-RRS, 
where RRS is a forward recombinase recognition site, iP. 
is an inverted promoter sequence, RC is a recombinase 
sequence and RRS is a reverse recombinase recognition. 
Upon recombinase expression following activation of an 
upstream promoter not present within the SIMM, the recom 
binase causes a single inversion of the DNA between the 
cognate recognition sites, including its own DNA sequence 
(i.e., RRS-iP-RC-RRS). Any further transcription 
from the upstream promoter yields antisense RNA of the 
recombinase gene rather then sense RNA, and therefore no 
further recombinase protein is produced. Thus, the inversion 
event is discrete and stable, and does not result in a mixture of 
inverted and non-inverted states. Further, the inverted pro 
moter is now in the proper orientation to drive transcription of 
components of downstream modules, such as another SIMM. 
Similarly, the upstream promoter driving expression of the 
SIMM can be a promoter within an upstream SIMM or 
another module. 

In some embodiments of the aspects described herein, a 
SIMM can use any recombinase for encoding memory, rather 
than only unidirectional recombinases, which can allow 
greater flexibility and practicality. In some embodiments, the 
recombinase is encoded between its cognate recombinase 
recognition sequences. In other embodiments, the recombi 
nase is encoded outside of its cognate recombinase recogni 
tion sequences. In those embodiments where the recombinase 
is encoded outside of its cognate recombinase recognition 
sequences, the SIMM can be used as, for example, a wave 
form generator, Such that the input or inputs that lead to 
recombinase expression results in constant inversion between 
the recombinase recognition sequences and is used to gener 
ate pulses of outputs. Such outputs can be any of the output 
gene products described herein. In some embodiments, the 
outputs can be a fluorescent protein. 
The recombinases and recombination recognition 

sequences for use in the SIMMs described herein can be 
selected from any known or variant (engineered) recombi 
nase or recombinase recognition sequences, as determined by 
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a skilled artisan. In some embodiments of the various aspects 
described herein, the recombinase is a Cre recombinase and 
the recombinase recognition sites are LOXP sites or variants 
thereof. Alternative site-specific recombinases include: 1) the 
Flp recombinase of the 2 ul plasmid of Saccharomyces cer 
evisiae (Cox (1983) Proc. Natl. Acad. Sci. USA 80:4223) 
which recognize FRT sites and variants thereof; 2) the inte 
grase of Streptomyces phage PHI.C31 that carries out effi 
cient recombination between the attP site of the phage 
genome and the attB site of the host chromosome (Groth et 
al., 2000 Proc. Natl. Acad. Sci. USA, 97: 5995); 3) the Int 
recombinase of bacteriophage lambda (lambda-int/attP) 
(with or without Xis) which recognizes att sites (Weisberg et 
al. In: Lambda II, supra, pp. 211-250); 4) the xerC and xerD 
recombinases of E. coli which together form a recombinase 
that recognizes the 28 by dif site (Leslie and Sherratt (1995) 
EMBO J. 14:1561); 5) the Int protein from the conjugative 
transposon Tn916 (Lu and Churchward (1994) EMBO J. 
13:1541); 6) TpnI and the B-lactamase transposons 
(Levesque (1990) J. Bacteriol. 172:3745); 7) the Tn3 
resolvase (Flanagan et al. (1989) J. Mol. Biol. 206:295 and 
Starket al. (1989) Cell 58:779); 8) the SpoVC recombinase 
of Bacillus subtilis (Sato et al. J. Bacteriol. 172:1092); 9) the 
Hin recombinase (Galsgow et al. (1989) J. Biol. Chem. 264: 
10072): 10) the Cin recombinase (Hafter et al. (1988) EMBO 
J.7:3991); 11) the immunoglobulin recombinases (Malynn et 
al. Cell (1988). 54:453); and 12) the FIMB and FIME recom 
binases (Blomfield et al., 1997 Mol. Microbiol. 23:705). 
Additional non-limiting examples of recombinases and their 
cognate recombinase recognition sequences that are useful 
for the SIMMs and engineered genetic counters described 
herein are provided in Tables 1-10, and in SEQID NOs: 1-18. 
The inverted promoter sequence in a SIMM can be used to 

drive transcription of downstream components of that SIMM 
or other modules upon recombinase activation and inversion 
of the promoter to the forward direction. Accordingly, an 
inverted promoter sequence for use in the SIMMs described 
herein can be a constitutive or inducible promoter, depending 
upon the requirements of the engineered genetic counters. 
Non-limiting examples of such promoter sequences for use in 
the SIMMs described herein are provided in SEQ ID NOs: 
33-39 and Tables 11-46. 

In other embodiments of the aspects described herein, one 
or more ribosome binding site sequences (RBSS) can also be 
added to a SIMM to promote efficient and accurate translation 
of the mRNA sequences for protein synthesis. RBSs are use 
ful components for modulating the efficiency and rates of 
synthesis of the proteins encoded by the engineered genetic 
counters described herein. Non-limiting examples of Such 
RBS sequences for use in the SIMMs described herein are 
provided in Tables 47-53. Accordingly, in some embodiments 
of these aspects, a SIMM further comprises a ribosome bind 
ing site upstream of the recombinase sequence, i.e., the 
SIMM comprises RRSiP-RBS-RC-RRS, where RBS 
is a ribosome binding site. 

In other embodiments of the aspects described herein, one 
or more terminator sequences can be added to a SIMM to 
prevent activation of downstream genes or modules by an 
upstream promoter. Terminator sequences can be added to the 
end of, for example, a recombinase sequence in a SIMM, to 
prevent further transcription downstream of the recombinase. 
Thus, terminator sequences are useful in the engineered 
genetic counters described herein to prevent unwanted tran 
scription driven by activation of the various modules. Non 
limiting examples of Such terminator sequences for use in the 
SIMMs described herein are provided in Tables 54-58. 
Accordingly, in some embodiments of these aspects, a SIMM 

re: 
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further comprises a transcriptional terminator sequence 
downstream of the recombinase sequence, i.e., RRS-iP 
RC-T-RRS, where T is a terminator sequence. 

Degradation tag sequences are also provided for use in the 
SIMMs and engineered genetic counters described herein to 
enhance degradation of a protein expressing the tag. The 
ability to add degradation tags to the proteins encoded by the 
SIMMs and engineered genetic counters described herein 
provides for additional layer of regulation and control of the 
modules. Non-limiting examples of Such degradation tag 
sequences for use in the SIMMs described herein are pro 
vided in SEQ ID NOs: 995-1001. Accordingly, in some 
embodiments of the aspects described herein, a SIMM further 
comprises a protein degradation tag sequence downstream of 
the recombinase sequence, i.e., the SIMM comprises i.e., the 
SIMM comprises RRS-iP-RC-D-RRS, where D is a 
degradation tag sequence. 

In further embodiments of these aspects, a SIMM com 
prises both a ribosome binding site upstream of the recombi 
nase sequence and a protein degradation tag sequence down 
stream of the recombinase sequence, i.e., the SIMM 
comprises RRS-iP-RBS-RC-D-RRS. In other 
embodiments of these aspects, a SIMM comprises a protein 
degradation tag sequence and a transcriptional terminator 
sequence downstream of the recombinase sequence, i.e., the 
SIMM comprises RRS-iP-RC-D-T-RRS. In some 
embodiments of these aspects, a SIMM comprises a ribosome 
binding site upstream of the recombinase sequence and a 
terminator sequence downstream of the recombinase 
sequence, i.e., the SIMM comprises RRS-iP-RES-RC 
T-RRS. 

In some particular embodiments of these aspects, a SIMM 
can further comprise a ribosome binding site upstream of the 
recombinase sequence, and protein degradation tag and tran 
Scriptional terminator sequences downstream of the recom 
binase sequence, i.e., RRS-iP-RBS-RC-D-T-RRS. In 
such embodiments, the combined addition of an RBS, a tran 
Scriptional terminator sequence, and a degradation tag to the 
SIMM provides an enhanced ability to regulate and control 
expression of the recombinase encoded by the SIMM. 

In Some embodiments of these aspects and all such aspects 
described herein, a SIMM can be designed so that it can be 
reset by placing an additional promoter sequence in an 
inverted orientation downstream of the reverse recombinase 
recognition site, i.e., RRS-iP-RBS-RC-RRS-iP2: 
where iP, is a first inverted inducible promoter sequence 
and iPa, is a second inverted inducible promoter sequence. 
Upon activation of the reverse promoter, the state of such a 
SIMM is flipped from its inverted state back to its original 
state. In some embodiments, the same reverse inducible pro 
moter can be used throughout the entire set of SIMMs within 
an engineered genetic counter, Such that a single inducer can 
be used to perform a global reset of the memory system. 
Engineered Genetic Counters 

Described herein are engineered genetic counters that are 
extensible, highly modular and can function with a variety of 
combinations of various component parts and modules. Such 
as inducible promoters, recombinases, output products, and 
SIMMs. The modular architecture of the counters described 
herein allows fortunable expression of a variety output prod 
ucts. Further, these counters can operate on a variety of time 
scales, including hours, and retain their “state' based on DNA 
orientation, due to the use of recombinases expressed within 
their cognate recognition sequences. Depending on the com 
binations of promoters used in the engineered genetic mod 
ules described herein, an engineered genetic counter can be 
used with a single inducer or with multiple inducers. Depend 
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ing on the type of inducible promoters utilized, the engi 
neered genetic circuits described herein can be used to enu 
merate physiological events and stimuli. Such as activation of 
gene networks or exposure to nutrients, toxins, or metabo 
lites. 

Accordingly, in Some aspects, single inducer engineered 
genetic counters are provided. Single inducer counters can be 
used for counting multiple independent exposures to a single 
type of inducer, such as arabinose. Thus, such single inducer 
counters can be used to detect multiple exposures to a bio 
logical agent, such as a toxin. Such single inducer engineered 
genetic counters comprise an inducible promoter sequence 
(iP), at least one SIMM, and an output nucleic acid sequence 
(OP). In such counters, the inverted promoter sequences of 
each SIMM and the inducible promoter sequence of the 
counter are the same promoter sequence. In some embodi 
ments of the aspects described herein, the SIMM comprises a 
ribosome binding site upstream of a recombinase sequence, 
and protein degradation tag and transcriptional terminator 
sequences downstream of a recombinase sequence, i.e., the 
SIMM comprises a forward recombinase recognition 
sequence (RRS), an inverted inducible promoter sequence 
(iP), a ribosome binding site (RBS), a recombinase gene 
sequence (RC), a degradation tag sequence (D), a transcrip 
tional terminator sequence (T), and a reverse recombinase 
recognition sequence (RRS). Thus, in Such embodiments, 
the single inducer engineered genetic counter comprises: iP 
RRS-iP-RBS-RC-D-T-RRSl-OP. In such embodi 
ments, the recombinase encoded by each of the at least one 
SIMMs is a unique recombinase, such that expression of a 
recombinase in one SIMM does not result in inversion of 
sequences outside of that SIMM. 

In Such single inducer engineered genetic counters, upon 
activation of the inducible promoter of the counter by an 
inducer or inducing agent, the recombinase encoded within 
the first SIMM is expressed, resulting in the inversion of the 
sequence between the two recombinase recognition sites, 
causing termination of recombinase expression, and allowing 
for the inverted promoter sequence within the first SIMM 
(i.e., iP) to be in the appropriate direction to drive expres 
sion of a downstream module or component, such as an output 
nucleic acid sequence, e.g., a gene, or another SIMM, if the 
counter receives a second same inducer signal. 

In some embodiments, a single inducer, 2 input, engi 
neered genetic counter is provided, i.e., iP-RRS-iPr 
RBS-RC-D-T-RRS-OP. In such single inducer, 2 input, 
engineered genetic counters, the counter has to receive two 
discrete input signals of the same inducer for output nucleic 
acid expression to occur. In some such embodiments, the 
output nucleic acid sequence encodes a reporter protein, Such 
as a fluorescent or luminescent reporter. In some embodi 
ments, the output nucleic acid sequence further comprises an 
upstream RBS sequence. In some embodiments, the output 
nucleic acid sequence further comprises a downstream termi 
nator sequence. In other embodiments, the output nucleic 
acid sequence further comprises both an upstream RBS 
sequence and a downstream terminator sequence. 

For example, in Some embodiments, the single inducer, 2 
input engineered genetic counter comprises a P, inducible 
promoter, i.e., iP. iP, FRT sites as recombinase recogni 
tion sites, i.e., RRS and RRS are FRT, and FRT, sites 
respectively; a flp recombinase, i.e., RC flp, and the output 
nucleic acid product is GFP, i.e., OP=GFP such that the engi 
neered genetic counter comprises iPro-IFRT-iPr 
RBS-flp-D-T-FRT-GFP. In such embodiments, a first ara 
binose signal causes expression of the flp recombinase 
within the SIMM, resulting in inversion of the recombinase 



US 8,645,115 B2 
135 

sequence and inversion of the inducible promoter within the 
SIMM. A second arabinose signal results in expression of 
GFP driven by the iP, promoter of the SIMM. Thus, such 
a single inducer, 2 input engineered genetic counter gives an 
output signal only after the receipt of two independent inputs 
of the same inducer, i.e., the single inducer, 2 input engi 
neered genetic counter "counts to two. 

In other embodiments, a single inducer, 3 input, 
engineered genetic counter is provided, i.e., iP-RRS 
iP-RBS-RC-D-T-RRS-RRS-iP-RBS-RC 
D-T-RRS-OP. In such single inducer, 3 input, engineered 
genetic counters, the counter has to receive three discrete 
input signals of the same inducer for output gene expression 
to occur. In some such embodiments, the output gene 
sequence encodes a reporter protein, Such as a fluorescent or 
luminescent reporter. In some embodiments, the output 
nucleic acid sequence further comprises an upstream RBS 
sequence. In some embodiments, the output nucleic acid 
sequence further comprises a downstream terminator 
sequence. In other embodiments, the output nucleic acid 
sequence further comprises both an upstream RBS sequence 
and a downstream terminator sequence. 

For example, in Some embodiments, the single inducer, 3 
input engineered genetic counter comprises a P, inducible 
promoter, i.e., iP. iP; a flp recombinase SIMM (i.e., 
RRS, FRT, RRS, FRT, and RC-flp.); a Cre recom 
binase SIMM (i.e., RRS.-loxP: RRS.-loxP and 
RC Cre), and GFP as an output nucleic acid sequence, such 
that the engineered genetic counter comprises iPro-IFRT 
iP-RBS-flip-D-T-FRT-IloxP-iPr-RBS-Cre 
D-T-loxP-GFP. In such embodiments, a first arabinose sig 
nal causes expression of the flp recombinase within the flp 
SIMM, resulting in inversion of the flp recombinase 
sequence and inversion of the inducible promoter within the 
flip SIMM, while the inducible promoter within the Cre 
SIMM remains inverted. A second arabinose signal results in 
expression of the Cre recombinase within the Cre SIMM, 
resulting in inversion of the Cre recombinase sequence and 
inversion of the inducible promoter within the Cre. As the flp 
recombinase is inverted, the second arabinose signal has no 
effect on the flp SIMM. A third such arabinose signal results 
in expression of GFP driven by the iP, promoter of the Cre 
SIMM. Thus, such a single inducer, 3 input engineered 
genetic counter gives an output signal only after the receipt of 
three independent inputs of the same inducer, i.e., the single 
inducer, 3 input engineered genetic counter"counts to three. 

In all such embodiments of these aspects, the single 
inducer engineered genetic counter described herein can 
comprise at least 150 SIMMs, where the number of SIMMs 
“n” in a counter is an integer that ranges between and includes 
1 to 150, Such that the single inducer engineered genetic 
counter "counts to n+1, i.e., the number of input signal 
required for the output gene product to be expressed is n+1. 
For example, in one embodiment n equals 1, and the single 
inducer engineered genetic counter "counts to 2. In another 
embodiment, n equals 2 and the single inducer engineered 
genetic counter "counts to 3. In another embodiment, in 
equals 3 and the single inducer engineered genetic counter 
“counts to 4. In another embodiment, n equals 4 and the 
single inducer engineered genetic counter "counts to 5. In 
another embodiment, n equals 5 and the single inducer engi 
neered genetic counter"counts to 6. In another embodiment, 
in equals 6 and the single inducer engineered genetic counter 
“counts to 7. In another embodiment, n equals 7 and the 
single inducer engineered genetic counter "counts to 8. In 
another embodiment, n equals 8 and the single inducer engi 
neered genetic counter “counts to 9. In another embodiment, 
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nequals 9 and the single inducer engineered genetic counter 
“counts to 10. In another embodiment, n equals 10 and the 
single inducer engineered genetic counter "counts to 11. In 
another embodiment, n equals any one of 11 . . . 25 . . . 
45...90...99... 105... 125... 150. For example, nequals 
12. In another embodiment, nequals 117. In another embodi 
ment, n is an integer value ranging between 10-150. In 
another embodiment, n is an integer value ranging between 10 
and 15. In another embodiment, n is an integer value ranging 
between 15 and 20. In another embodiment, n is an integer 
value ranging between 25 and 30. In another embodiment, n 
is an integer value ranging between 30 and 35. In another 
embodiment, n is an integer value ranging between 35 and 40. 
In another embodiment, n is an integer value ranging between 
40 and 45. In another embodiment, n is an integer value 
ranging between 45 and 50. In another embodiment, n is an 
integer value ranging between 50 and 55. In another embodi 
ment, n is an integer value ranging between 55 and 60. In 
another embodiment, n is an integer value ranging between 60 
and 65. In another embodiment, n is an integer value ranging 
between 65 and 70. In another embodiment, n is an integer 
value ranging between 70 and 75. In another embodiment, n 
is an integer value ranging between 75 and 80. In another 
embodiment, n is an integer value ranging between 80 and 85. 
In another embodiment, n is an integer value ranging between 
85 and 90. In another embodiment, n is an integer value 
ranging between 90 and 95. In another embodiment, n is an 
integer value ranging between 95 and 100. In another embodi 
ment, n is an integer value ranging between 100 and 105. In 
another embodiment, n is an integer value ranging between 
105 and 110. In another embodiment, n is an integer value 
ranging between 110 and 115. In another embodiment, n is an 
integer value ranging between 115 and 120. In another 
embodiment, n is an integer value ranging between 120 and 
125. In another embodiment, n is an integer value ranging 
between 125 and 130. In another embodiment, n is an integer 
value ranging between 130 and 135. In another embodiment, 
n is an integer value ranging between 135 and 140. In another 
embodiment, n is an integer value ranging between 140 and 
145. In another embodiment, n is an integer value ranging 
between 145 and 150. In all the ranges described herein, both 
the lower and upper values of the range are included. In other 
aspects, the single inducer engineered genetic counter can be 
extended with more Sophisticated designs to count in binary, 
thus allowing the maximum countable number to be 2'-1. 

In other aspects, multiple inducer engineered genetic 
counters are provided. Multiple inducer engineered genetic 
counters can be used to distinguish multiple input signals 
occurring in a specific order, such that output nucleic acid 
expression occurs only when a certain number of signals in a 
specific order are received by the counter. Such multiple 
inducer engineered genetic counters comprise an inducible 
promoter sequence (iP), at least one SIMM, and an output 
nucleic acid sequence (OP). In Such counters, the inverted 
promoter sequences of at least one SIMM and the inducible 
promoter sequence of the counter are different promoter 
sequences, or are responsive to at least two different inducers. 
In some embodiments of the aspects described herein, the 
SIMM comprises a ribosome binding site upstream of a 
recombinase sequence, and protein degradation tag and tran 
Scriptional terminator sequences downstream of a recombi 
nase sequence, i.e., the SIMM comprises a forward recombi 
nase recognition sequence (RRS), an inverted inducible 
promoter sequence (iP), a ribosome binding site (RBS), a 
recombinase gene sequence (RC), a degradation tag sequence 
(D), a transcriptional terminator sequence (T), and a reverse 
recombinase recognition sequence (RRS). Thus, in Such 
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embodiments, the multiple inducer engineered genetic 
counter comprises: iP-RRS-iP-RBS-RC-D-T- 
RRS.-OP. In such embodiments, the recombinase 
encoded by each of the at least one SIMMs is a unique 
recombinase, such that expression of a recombinase in one 
SIMM does not result in inversion of sequences outside of 
that SIMM. 

In some embodiments of Such aspects, a multiple inducer, 
2 input, engineered genetic counter is provided, i.e., iP 
RRS-iP-RBS-RC-D-T-RRS-OP. In such multiple 
inducers, 2 input, engineered genetic counters, the counter 
has to receive two discrete input signals of different inducers 
for output nucleic acid expression to occur. In some Such 
embodiments, the output nucleic acid sequence encodes a 
reporter protein, such as a fluorescent or luminescent reporter. 
In some embodiments, the output nucleic acid sequence fur 
ther comprises a downstream terminator sequence. In other 
embodiments, the output nucleic acid sequence further com 
prises both an upstream RBS sequence and a downstream 
terminator sequence. 

For example, in some embodiments, the multiple inducer, 
2 input engineered genetic counter comprises a Pro 
inducible promoter, i.e., iP-iP; an inverted P. pro 
moter that drives expression of the SIMM, i.e., iPao 
iP: FRT sites as recombinase recognition sites in the 
SIMM, i.e., RRS and RRS are FRT, and FRT, sites 
respectively; a flp recombinase, i.e., RC flp, and the output 
nucleic acid product is GFP, i.e., OP=GFP. In such embodi 
ments, the engineered genetic counter comprises iPo-1- 
|FRT-iPr-RBS-flip-D-T-FRT-GFP. In such embodi 
ments, exposure to anhydrotetracycline causes expression of 
the flp recombinase within the SIMM, resulting in inversion 
of the recombinase sequence and inversion of the inducible 
promoter P, within the SIMM. Exposure to an arabinose 
signal results in expression of GFP driven by the iP, pro 
moter of the SIMM. Thus, such a multiple inducer, 2 input 
engineered genetic counter gives an output signal only after 
the receipt of two independent inputs of two different induc 
ers, i.e., the multiple inducer, 2 input engineered genetic 
counter “counts to two. 

In other embodiments, a multiple inducer, 3 input, engi 
neered genetic counter is provided, i.e., iP-RRS-iPr 
RBS-RC-D-T-RRS-RRS-iP-RBS-RC-D-T- 
RRS-OP. In such multiple inducers, 3 input, engineered 
genetic counters, the counter has to receive three discrete 
input signals of at least two different inducers for output 
nucleic acid expression to occur. In some embodiments, each 
inducible promoter in the engineered genetic counter is 
responsive to a different inducer, i.e., all the inducible pro 
moters are different. In other embodiments, at least one 
inducible promoter in the engineered genetic counter is 
responsive to a different inducer from the other inducible 
promoters. Specific combinations of inducible promoters can 
be used to create engineered genetic counters that receive 
specific patterns of multiple inducers. For example, an engi 
neered genetic counter can be designed so that every other 
inducible promoter is responsive to the same inducer or 
inducing agent, Such that the counter detects alternate expo 
Sures to a combination of inducers, for example, arabinose 
followed by anyhydrotetracycline. 

In some such embodiments, the output nucleic acid 
sequence encodes a reporter protein, Such as a fluorescent or 
luminescent reporter. In some embodiments, the output 
nucleic acid sequence further comprises an upstream RBS 
sequence. In some embodiments, the output nucleic acid 
sequence further comprises a downstream terminator 
sequence. In other embodiments, the output nucleic acid 
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sequence further comprises both an upstream RBS sequence 
and a downstream terminator sequence. 

For example, in some embodiments, the multiple inducer, 
3 input engineered genetic counter comprises a Pro 
inducible promoter that receives the first signal of the engi 
neered genetic counter i.e., iPo-1-iP, and the output 
nucleic acid product is GFP, i.e., OP=GFP. The first SIMM 
comprises an inverted P. promoter that drives expression 
of the first SIMM, i.e., iPa, iP, FRT sites as recom 
binase recognition sites in the first SIMM, i.e., RRS and 
RRS are FRT, and FRT, sites respectively; a flp recombi 
nase, i.e., RC=flp. The second SIMM comprises an inverted 
iP. promoter that drives expression of the second 
SIMM, i.e., iPo. iP. LOXP sites as recombinase 
recognition sites in the second SIMM, i.e., RRS-loxP; 
RRS loxP; and a Cre recombinase as the recombinase 
of the second SIMM. In such embodiments, the engineered 
genetic counter comprises iPro-IFRT-iPr-RBS-flip 
D-T-FRT-loxP-iPro-RBS-Cre-D-T-loxPl-GFP. 
In Such embodiments, exposure to anhydrotetracycline 
causes expression of the flp recombinase within the first 
SIMM, resulting in inversion of the flp recombinase 
sequence and inversion of the inducible promoter P, within 
the first SIMM. Exposure to an arabinose signal results in 
expression of the Cre recombinase within the second SIMM, 
resulting in inversion of the Cre recombinase sequence and 
inversion of the inducible promoter iP. within the sec 
ond SIMM. Exposure to IPTG then drives expression of the 
output nucleic acid sequence resulting in GFP expression. 
Thus, Such a multiple inducer, 3 input engineered genetic 
counter gives an output signal only after the receipt of three 
independent inputs of at least two different inducers, i.e., the 
multiple inducer, 3 input engineered genetic counter "counts 
to three. 

In all embodiments of the aspects described herein, the 
multiple inducer engineered genetic counters can comprise at 
least 150 SIMMs, where the number of SIMMs “n” in a 
counter is an integer that ranges between and includes 1 to 
150. Such that the multiple inducer engineered genetic 
counter "counts to n+1, i.e., the number of input signals 
required for the output product to be expressed is n+1. For 
example, in one embodiment n equals 1, and the multiple 
inducer engineered genetic counter "counts to 2. In another 
embodiment, n equals 2 and the multiple inducer engineered 
genetic counter "counts to 3. In another embodiment, in 
equals 3 and the multiple inducer engineered genetic counter 
“counts to 4. In another embodiment, n equals 4 and the 
multiple inducer engineered genetic counter "counts to 5. In 
another embodiment, n equals 5 and the multiple inducer 
engineered genetic counter'counts to 6. In another embodi 
ment, n equals 6 and the multiple inducer engineered genetic 
counter “counts to 7. In another embodiment, nequals 7 and 
the multiple inducer engineered genetic counter "counts to 
8. In another embodiment, nequals 8 and the multiple inducer 
engineered genetic counter'counts to 9. In another embodi 
ment, n equals 9 and the multiple inducer engineered genetic 
counter “counts to 10. In another embodiment, n equals 10 
and the multiple inducer engineered genetic counter "counts 
to 11. In another embodiment, n equals any one of 11 . . . 
25... 45...90...99... 105... 125... 150. For example, 
nequals 12. In another embodiment, n equals 117. In another 
embodiment, n is an integer value ranging between 10-150. In 
another embodiment, n is an integer value ranging between 10 
and 15. In another embodiment, n is an integer value ranging 
between 15 and 20. In another embodiment, n is an integer 
value ranging between 25 and 30. In another embodiment, n 
is an integer value ranging between 30 and 35. In another 
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embodiment, n is an integer value ranging between 35 and 40. 
In another embodiment, n is an integer value ranging between 
40 and 45. In another embodiment, n is an integer value 
ranging between 45 and 50. In another embodiment, n is an 
integer value ranging between 50 and 55. In another embodi 
ment, n is an integer value ranging between 55 and 60. In 
another embodiment, n is an integer value ranging between 60 
and 65. In another embodiment, n is an integer value ranging 
between 65 and 70. In another embodiment, n is an integer 
value ranging between 70 and 75. In another embodiment, in 
is an integer value ranging between 75 and 80. In another 
embodiment, n is an integer value ranging between 80 and 85. 
In another embodiment, n is an integer value ranging between 
85 and 90. In another embodiment, n is an integer value 
ranging between 90 and 95. In another embodiment, n is an 
integer value ranging between 95 and 100. In another embodi 
ment, n is an integer value ranging between 100 and 105. In 
another embodiment, n is an integer value ranging between 
105 and 110. In another embodiment, n is an integer value 
ranging between 110 and 115. In another embodiment, n is an 
integer value ranging between 115 and 120. In another 
embodiment, n is an integer value ranging between 120 and 
125. In another embodiment, n is an integer value ranging 
between 125 and 130. In another embodiment, n is an integer 
value ranging between 130 and 135. In another embodiment, 
n is an integer value ranging between 135 and 140. In another 
embodiment, n is an integer value ranging between 140 and 
145. In another embodiment, n is an integer value ranging 
between 145 and 150. In all the ranges described herein, both 
the lower and upper values of the range are included. In other 
aspects, the multiple inducer engineered nucleic acid-based 
circuit can be extended with more sophisticated designs to 
count in binary, thus allowing the maximum countable num 
ber to be 2'-1. 

In some embodiments of the different aspects of the inven 
tion described herein, additional components can be added to 
the SIMMs to increase the utility and functionality of the 
SIMM in the engineered genetic counters. In some embodi 
ments, output nucleic acid sequences can be included within 
an individual SIMM, such that an individual SIMM regulates 
its own output nucleic acid expression. Regulation of an 
output nucleic acid sequence within a SIMM is dependent on 
the placement and orientation of the output nucleic acid 
sequence within the SIMM. For example, in some embodi 
ments, the output nucleic acid sequence is placed in an 
inverted orientation between the recombinase recognition 
sites, such that upon expression of the recombinase encoded 
by the SIMM, the output nucleic acid sequence is inverted and 
can be driven by the promoter sequence of the SIMM upon 
receipt of the appropriate input signal by the SIMM, i.e., the 
SIMM comprises (RRS-iP-RBS-RC-D-T-OP 
RRS). In some embodiments, regulation of output nucleic 
acid sequence transcription within the SIMM can be 
enhanced through the addition of an RBS sequence, a termi 
nator sequence, or a combination thereof, such that the RBS 
sequence and/or terminator sequence are also placed in the 
inverted orientation. 

In other embodiments where an output nucleic acid 
sequence is included within an individual SIMM, the output 
nucleic acid sequence can be placed in the forward orientation 
between the recombinase recognition sites, i.e., (RRS 
iP-REBS-RC-D-T-OP-RRS). In such embodiments, upon 
activation of the promoter sequence that drives expression of 
that SIMM, for example, the promoter sequence of an 
upstream SIMM, expression of both the recombinase and the 
output nucleic acid product occurs. Inversion of the sequence 
within the two recombinase recognition sites then occurs due 
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to the activity of the recombinase, resulting in inversion of the 
output nucleic acid sequence, thus shutting off expression of 
the output nucleic acid product. Thus, in Such embodiments, 
an individual SIMM can creates a single pulse of expression 
of an output nucleic acid product. When multiple such 
SIMMs are used in the engineered genetic counters described 
herein, each "count' is represented by a single pulse of output 
nucleic acid expression, thus achieving enumeration of each 
count recorded by the engineered genetic counters described 
herein. In some Such embodiments, regulation of output 
nucleic acid sequence transcription within the SIMM can be 
enhanced through the addition of an RBS sequence, a termi 
nator sequence, or a combination thereof, such that the RBS 
sequence and/or terminator sequence. 

In some embodiments, the engineered genetic counters are 
designed so that they can reset by placing an additional 
inverted promoter sequence downstream of the reverse 
recombinase recognition site within a SIMM, i.e., iP 
(RRS-iP-RBS-RC-D-T-RRS-iP)-OP, where 
iP, is the inverted sequence of the reset promoter. In 
Such embodiments, upon activation of the reverse promoter, 
all recombinases in the reverse orientation are expressed and 
flipped back to their original position. Thus, the state of the 
system is flipped from its inverted State back to its original 
state. If the same reverse promoter is used throughout the 
entire set of SIMMs within a counter, a single inducer can be 
used to perform a global reset of the memory system, which 
has great utility for regulating the counters described herein 

In some embodiments of these aspects, one or more of any 
of the SIMMs described herein can be "daisy-chained 
together on an E. coli chromosome, with a promoter placed 
upstream of the first SIMM. In some embodiments of these 
aspects, the designs utilized in the engineered genetic 
counters described herein are cis-based counting systems that 
require physical proximity of the individual counting units, or 
SIMMs, for counting transitions. In other embodiments of 
these aspects, further functionality is provided by incorporat 
ing trans-acting components to couple the counters to other 
engineered genetic and biological circuit designs. In one Such 
embodiment, the engineered genetic counter is coupled to a 
toggle Switch. For example, in Some embodiments, the engi 
neered genetic counters can be coupled to quorum-sensing 
engineered biological circuits to create consensus-based 
counting Systems. 
Some non-limiting examples of output products for use in 

the engineered genetic counters described herein are fluores 
cent proteins, such as GFP, RFP and YFP, transcription fac 
tors, transcriptional repressors, or RNAS, Such as 
riboswitches in prokaryotic and mammalian cells, as well as 
short-hairpin RNAs in mammalian cells (F. J. Isaacs, Nat 
Biotechnol 22,841 (2004)). Further non-limiting examples of 
output gene sequences and output products for use in the 
SIMMs, as described herein, are provided in the foregoing 
section entitled “Output Nucleic Acid Sequences and Output 
Products' and in Tables 59-73, and include, but are not lim 
ited to, reporter proteins, transcriptional repressors, transcrip 
tional activators, selection markers, enzymes, receptor pro 
teins, ligand proteins, RNAS, riboswitches or short-hairpin 
RNAs. The choice of an output nucleic acid sequence for use 
in the engineered genetic counters described herein is depen 
dent on a variety of factors, including whether an output 
nucleic acid product should be detected by the skilled artisan, 
or whether the output nucleic acid product is itself responsive 
to a particular set of inputs. For example, an engineered 
genetic counter can be designed so that the output nucleic acid 
product is an enzyme that is produced only when the counter 
receives a certain number of inputs, such as a toxin. 
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Uses of Engineered Genetic Counters 
The engineered genetic counters described herein are use 

ful for engineering complex behavioral phenotypes in cellu 
lar systems, such as prokaryotic, eukaryotic, or synthetic 
cells, or in non-cellular systems, including test tubes, viruses 
and phages. The novel engineered genetic counters described 
herein combine the power of nucleic acid-based engineering 
methods with systems biology approaches to elicit targeted 
responses in cellular and non-cellular systems, such as the 
ability to count specific inputs, and respond to Such inputs. 

In some of the aspects described herein, an engineered 
genetic counteris provided for use in cellular systems, such as 
bacteria, to count input signals received by the cellular sys 
tem. In some aspects, engineered genetic counters are pro 
vided for use in non-cellular systems, such as viruses or 
phages, to count input signals received by the non-cellular 
system. In other aspects, methods are provided for counting at 
least 1 event in a cellular or non-cellular system comprising 
introducing an engineered genetic counter into a cellular or 
non-cellular system for use in counting events in the cellular 
or non-cellular system. In one aspect, a method is provided 
for counting at least 2 events in a cellular system comprising 
introducing an engineered genetic counter into a cellular sys 
tem for use in counting events or inputs. In one embodiment, 
a method is provided for counting at least 1 ... 3. . . 26 . . . 
45 . . . 76 . . . 96 . . . 121 . . . 150 events in a cellular or 
non-cellular system, the method comprising introducing an 
engineered genetic counter into a cellular or non-cellular 
system for use in counting events. Such an engineered counter 
can be a multiple inducer or single inducer counter. 
The engineered genetic counters described herein can be 

used for a variety of applications and in many different types 
of methods, including, but not limited to, bioremediation, 
biosensing, and biomedical therapeutics. For example, in 
Some embodiments, an engineered genetic counteris coupled 
to the cell cycle for use in a cellular system. In such embodi 
ments, the output gene product can be a toxin or agent that 
causes cell death, such that the cellular system dies after a 
certain number of events is counted by the counter. Such 
embodiments of the engineered counters described herein are 
useful in biosensing and bioremediation applications. In 
other embodiments, the engineered genetic counters 
described herein can be modified to perform continuous 
inversion events. In one Such embodiment, the engineered 
genetic counters can be introduced into a cellular system to 
provide transcriptional pulses. In addition, Such embodi 
ments where an engineered genetic counter is coupled to the 
cell cycle can be useful in biomedical or therapeutic applica 
tions, such as in therapies for cancer or other proliferative 
disorders. In some embodiments of the aspects described 
herein, an engineered genetic counter can be introduced into 
a mammalian cell to count the number of mutations that are 
required to produce a cancer cell. In other embodiments of the 
aspects described herein, the engineered genetic counters can 
be introduced into cellular systems, such as ex vivo or in vivo 
mammalian cells to maintain genetic memory of low fre 
quency events. Such embodiments are useful for therapeutic 
applications or research purposes, such as the study of neural 
circuits. 
The methods and uses of the engineered genetic counters 

described herein can involve in vivo, ex vivo, or in vitro 
systems. The term “in vivo” refers to assays or processes that 
occur in or within an organism, Such as a multicellular animal. 
In some of the aspects described herein, a method or use can 
be said to occur in Vivo” when a unicellular organism, Such 
as a bacteria, is used. The term "ex vivo” refers to methods 
and uses that are performed using a living cell with an intact 
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membrane that is outside of the body of a multicellular animal 
or plant, e.g., explants, cultured cells, including primary cells 
and cell lines, transformed cell lines, and extracted tissue or 
cells, including blood cells, among others. The term “in vitro 
refers to assays and methods that do not require the presence 
of a cell with an intact membrane, such as cellular extracts, 
and can refer to the introducing an engineered genetic counter 
in a non-cellular system, such as a media not comprising cells 
or cellular systems, such as cellular extracts. 
A cell to be engineered for use with the engineered genetic 

counters described herein can be any cell or host cell. As 
defined herein, a “cell' or “cellular system is the basic struc 
tural and functional unit of all known independently living 
organisms. It is the Smallest unit of life that is classified as a 
living thing, and is often called the building block of life. 
Some organisms, such as most bacteria, are unicellular (con 
sist of a single cell). Other organisms, such as humans, are 
multicellular. A “natural cell as defined herein, refers to any 
prokaryotic or eukaryotic cell found naturally. A “prokaryotic 
cell' can comprise a cell envelope and a cytoplasmic region 
that contains the cell genome (DNA) and ribosomes and 
various sorts of inclusions. 

In some embodiments, the cell is a eukaryotic cell. A 
eukaryotic cell comprises membrane-bound compartments in 
which specific metabolic activities take place. Such as a 
nucleus. In other embodiments, the cell or cellular system is 
an artificial or synthetic cell. As defined herein, an “artificial 
cell' or a “synthetic cell is a minimal cell formed from 
artificial parts that can do many things a natural cell can do, 
Such as transcribe and translate proteins and generate ATP. 

Host cells of use in the aspects of the invention upon 
transformation or transfection with the engineered genetic 
counters include any host cell that is capable of supporting the 
activation and expression of the engineered genetic counters. 
In some embodiments of the aspects described herein, the 
cells are bacterial cells. The term “bacteria' as used herein is 
intended to encompass all variants of bacteria, for example, 
prokaryotic organisms and cyanobacteria. Bacteria are small 
(typical linear dimensions of around 1 m), non-compartmen 
talized, with circular DNA and ribosomes of 70S. The term 
bacteria also includes bacteria Subdivisions of Eubacteria and 
Archaebacteria. Eubacteria can be further subdivided on the 
basis of their staining using Gram stain, and both gram 
positive and gram-negative eubacteria, which depends upon a 
difference in cell wall structure are also included, as well as 
classified based on gross morphology alone (into cocci, 
bacilli, etc.). 

In some embodiments, the bacterial cells are gram-nega 
tive cells and in alternative embodiments, the bacterial cells 
are gram-positive cells. Non-limiting examples of species of 
bacterial cells useful for engineering with the engineered 
genetic counters of the invention include, without limitation, 
cells from Escherichia coli, Bacillus subtilis, Salmonella 
typhimurium and various species of Pseudomonas, Strepto 
myces, and Staphylococcus. Other examples of bacterial cells 
that can be genetically engineered for use with the biological 
circuit chemotactic converters of the invention include, but 
are not limited to, cells from Yersinia spp., Escherichia spp., 
Klebsiella spp., Bordetella spp., Neisseria spp., Aeromonas 
spp., Franciesella spp., Corynebacterium spp., Citrobacter 
spp., Chlamydia spp., Hemophilus spp., Brucella spp., Myco 
bacterium spp., Legionella spp., Rhodococcus spp., 
Pseudomonas spp., Helicobacter spp., Salmonella spp., 
Vibrio spp., Bacillus spp., and Erysipelothrix spp. In some 
embodiments, the bacterial cells are E. coli cells. Other 
examples of organisms from which cells may be transformed 
or transfected with the engineered genetic counters of the 
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present invention include, but are not limited to the following: 
Staphylococcus aureus, Bacillus subtilis, Clostridium butyri 
cum, Brevibacterium lactofermentum, Streptococcus agalac 
tiae, Lactococcus lactis, Leuconostoc lactis, Streptomyces, 
Actinobacillus actinobycetemcomitans, Bacteroides, cyano 
bacteria, Escherichia coli, Helobacter pylori, Selnomonas 
ruminatium, Shigella sonnei, Zymomonas mobilis, Myco 
plasma mycoides, or Treponema denticola, Bacillus thuring 
iensis, Staphlococcus lugdunensis, Leuconostoc oenos, 
Corynebacterium xerosis, Lactobacillus planta rum, Strepto 
coccus faecalis, Bacillus coagulans, Bacillus ceretus, Bacil 
lus popillae, Synechocystis strain PCC6803, Bacillus lique 
faciens, Pyrococcus abyssi, Selenomonas nominantium, 
Lactobacillus hilgardii, Streptococcus ferus, Lactobacillus 
pentosus, Bacteroides fragilis, Staphylococcus epidermidis, 
Staphylococcus epidermidis, Zymomonas mobilis, Strepto 
myces phaechromogenes, Streptomyces ghanaenis, Halobac 
terium strain GRB, and Halobaferax sp. strain Aa2.2. 

In alternative embodiments, the cells can be any cell, for 
example mammalian cells, plant cells and chimeric cells. In 
Some embodiments, the cells can be from any organism or 
multi-cell organism. Examples of eukaryotic cells that can be 
useful in aspects of the invention include eukaryotic cells 
selected from, e.g., mammalian, insect, yeast, or plant cells. 
In some embodiments, the eukaryotic cells are from a verte 
brate animal. The present invention contemplates the use of 
any such vertebrate cells for the engineered genetic counters, 
including, but not limited to, reproductive cells including 
sperm, ova and embryonic cells, and non-reproductive cells, 
Such as kidney, lung, spleen, lymphoid, cardiac, gastric, intes 
tinal, pancreatic, muscle, bone, neural, brain, and epithelial 
cells. 

In other embodiments of the aspects described herein, 
engineered genetic counters can be introduced into a non 
cellular system Such as a virus or phage, by direct integration 
of the engineered genetic counter nucleic acid, for example, 
into the viral genome. A virus for use with the engineered 
genetic counters described herein can be a dsDNA virus (e.g. 
Adenoviruses, Herpesviruses, Poxviruses), a ssDNA viruses 
((+)sense DNA) (e.g. Parvoviruses); a dsRNA virus (e.g. 
Reoviruses); a (+)ssRNA viruses ((+)sense RNA) (e.g. Picor 
naviruses, Togaviruses): (-)ssRNA virus ((-)sense RNA) 
(e.g. Orthomyxoviruses, Rhabdoviruses); a ssRNA-Reverse 
Transcriptase viruses ((+)sense RNA with DNA intermediate 
in life-cycle) (e.g. Retroviruses); or a dsDNA-Reverse Tran 
Scriptase virus (e.g. Hepadnaviruses). 

Viruses can also include plant viruses and bacteriophages 
or phages. Examples of phage families that can be used with 
the engineered genetic counters described herein include, but 
are not limited to, Myoviridae (T4-like viruses; P1-like 
viruses; P2-like viruses; Mu-like viruses; SPO1-like viruses; 
(pH-like viruses); Siphoviridaew-like viruses (T1-like viruses: 
T5-like viruses: c2-like viruses; L5-like viruses: M1-like 
viruses; (pC31-like viruses: N15-like viruses); Podoviridae 
(T7-like viruses; (p.29-like viruses; P22-like viruses: N4-like 
viruses); Tectiviridae (Tectivirus); Corticoviridae (Corticovi 
rus); Lipothrixviridae (Alphalipothrixvirus, Betalipothrixvi 
rus, Gammalipothrixvirus, Deltalipothrixvirus); Plasmaviri 
dae (Plasmavirus);Rudiviridae (Rudivirus); Fuselloviridae 
(Fusellovirus); Inoviridae (Inovirus, Plectrovirus); 
Microviridae (Microvirus, Spiromicrovirus, Bdellomicrovi 
rus, Chlamydiamicrovirus); Leviviridae (Levivirus, 
Allolevivirus) and Cystoviridae (Cystovirus). Such phages 
can be naturally occurring or engineered phages. 

In some embodiments of the aspects described herein, the 
engineered genetic counters are introduced into a cellular or 
non-cellular system using a vector or plasmid for use in 
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counting events in the system. As used herein, the term “vec 
tor” is used interchangeably with "plasmid' to refer to a 
nucleic acid molecule capable of transporting another nucleic 
acid to which it has been linked. Vectors capable of directing 
the expression of genes and/or nucleic acid sequence to which 
they are operatively linked are referred to herein as “expres 
sion vectors.”. In general, expression vectors of utility in the 
methods and engineered genetic counters described herein 
are often in the form of “plasmids.” which refer to circular 
double stranded DNA loops which, in their vector form are 
not bound to the chromosome. 

Other expression vectors can be used in different embodi 
ments of the invention, for example, but not limited to, plas 
mids, episomes, bacteriophages or viral vectors, and Such 
vectors can integrate into the host's genome or replicate 
autonomously in the particular cellular system used. Other 
forms of expression vectors known by those skilled in the art 
which serve the equivalent functions can also be used. 
Expression vectors comprise expression vectors for stable or 
transient expression encoding the DNA. A vector can be 
either a self replicating extrachromosomal vector or a vector 
which integrates into a host genome. One type of vector is a 
genomic integrated vector, or “integrated vector', which can 
become integrated into the chromosomal DNA or RNA of a 
host cell, cellular system, or non-cellular system. In some 
embodiments, the nucleic acid sequence or sequences encod 
ing the engineered genetic counter integrates into the chro 
mosomal DNA or RNA of a host cell, cellular system, or 
non-cellular system along with components of the vector 
sequence. In other embodiments, the nucleic acid sequence 
encoding the engineered genetic counter directly integrates 
into chromosomal DNA or RNA of a host cell, cellular sys 
tem, or non-cellular system, in the absence of any compo 
nents of the vector by which it was introduced. In such 
embodiments, the nucleic acid sequence encoding the engi 
neered genetic counter can be integrated using targeted inser 
tions, such as knock-in technologies or homologous recom 
bination techniques, or by non-targeted insertions, such as 
genetrapping techniques or non-homologous recombination. 
The number of copies of an engineered genetic counter that 
integrate into the chromosomal DNA or RNA of a cellular or 
non-cellular system can impact the fidelity of counting, and 
thus it is preferred that only one copy is integrated per cellular 
system. Accordingly, in some embodiments of the aspects 
described herein, only one copy of an engineered genetic 
counter is integrated in the chromosomal DNA or RNA of a 
cellular or non-cellular system. In some embodiments, the 
number of copies is less than 10, less than 9, less than 8, less 
than 7, less than 6, less than 6, less than 4, less than 3, or less 
than 2. 

Another type of vector is an episomal vector, i.e., a nucleic 
acid capable of extra-chromosomal replication. Such plas 
mids or vectors can include plasmid sequences from bacteria, 
viruses or phages. Such vectors include chromosomal, episo 
mal and virus-derived vectors e.g., vectors derived from bac 
terial plasmids, bacteriophages, yeast episomes, yeast chro 
mosomal elements, and viruses, vectors derived from 
combinations thereof. Such as those derived from plasmid and 
bacteriophage genetic elements, cosmids and phagemids. A 
vector can be a plasmid, bacteriophage, bacterial artificial 
chromosome (BAC) or yeast artificial chromosome (YAC). A 
vector can be a single or double-stranded DNA, RNA, or 
phage vector. In some embodiments, the engineered genetic 
counters are introduced into a cellular system using a BAC 
Vector. 
The vectors comprising the engineered genetic counters 

described herein may be “introduced into cells as polynucle 
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otides, preferably DNA, by techniques well-known in the art 
for introducing DNA and RNA into cells. The term “trans 
duction” refers to any method whereby a nucleic acid 
sequence is introduced into a cell, e.g., by transfection, lipo 
fection, electroporation, biolistics, passive uptake, lipid: 5 
nucleic acid complexes, viral vector transduction, injection, 
contacting with naked DNA, gene gun, and the like. The 
vectors, in the case of phage and viral vectors may also be 
introduced into cells as packaged or encapsidated virus by 
well-known techniques for infection and transduction. Viral 10 
vectors may be replication competent or replication defec 
tive. In the latter case, viral propagation generally occurs only 
in complementing host cells. In some embodiments, the engi 
neered genetic counters are introduced into a cell using other 
mechanisms known to one of skill in the art, Such as a lipo- 15 
Some, microspheres, gene gun, fusion proteins, such as a 
fusion of an antibody moiety with a nucleic acid binding 
moiety, or other such delivery vehicle. 
The engineered genetic counters or the vectors comprising 

the engineered genetic counters described hereincan be intro- 20 
duced into a cell using any method knownto one of skill in the 
art. The term “transformation' as used herein refers to the 
introduction of genetic material (e.g., a vector comprising an 
engineered genetic counter) comprising one or more modules 
or engineered genetic counters described herein into a cell, 25 
tissue or organism. Transformation of a cell may be stable or 
transient. The term “transient transformation” or “transiently 
transformed’ refers to the introduction of one or more trans 
genes into a cell in the absence of integration of the transgene 
into the host cells genome. Transient transformation may be 30 
detected by, for example, enzyme linked immunosorbent 
assay (ELISA), which detects the presence of a polypeptide 
encoded by one or more of the transgenes. Alternatively, 
transient transformation may be detected by detecting the 
activity of the protein encoded by the transgene. The term 35 
“transient transformant” refers to a cell which has transiently 
incorporated one or more transgenes. 

In contrast, the term “stable transformation' or “stably 
transformed refers to the introduction and integration of one 
or more transgenes into the genome of a cell or cellular 40 
system, preferably resulting in chromosomal integration and 
stable heritability through meiosis. Stable transformation of a 
cell may be detected by Southern blot hybridization of 
genomic DNA of the cell with nucleic acid sequences, which 
are capable of binding to one or more of the transgenes. 45 
Alternatively, stable transformation of a cell may also be 
detected by the polymerase chain reaction of genomic DNA 
of the cell to amplify transgene sequences. The term “stable 
transformant” refers to a cell or cellular, which has stably 
integrated one or more transgenes into the genomic DNA. 50 
Thus, a stable transformant is distinguished from a transient 
transformant in that, whereas genomic DNA from the stable 
transformant contains one or more transgenes, genomic DNA 
from the transient transformant does not contain a transgene. 
Transformation also includes introduction of genetic material 55 
into plant cells in the form of plant viral vectors involving 
epichromosomal replication and gene expression, which may 
exhibit variable properties with respect to meiotic stability. 
Transformed cells, tissues, or plants are understood to encom 
pass not only the end product of a transformation process, but 60 
also transgenic progeny thereof. 
Definitions 
The terms “nucleic acids' and “nucleotides’ refer to natu 

rally occurring or synthetic or artificial nucleic acid or nucle 
otides. The terms “nucleic acids and “nucleotides’ comprise 65 
deoxyribonucleotides or ribonucleotides or any nucleotide 
analogue and polymers or hybrids thereof in either single- or 
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doublestranded, sense or antisense form. As will also be 
appreciated by those in the art, many variants of a nucleic acid 
can be used for the same purpose as a given nucleic acid. 
Thus, a nucleic acid also encompasses Substantially identical 
nucleic acids and complements thereof. Nucleotide ana 
logues include nucleotides having modifications in the 
chemical structure of the base, Sugar and/or phosphate, 
including, but not limited to, 5-position pyrimidine modifi 
cations, 8-position purine modifications, modifications at 
cytosine exocyclic amines, Substitution of 5-bromo-uracil, 
and the like; and 2'-position Sugar modifications, including 
but not limited to, sugar-modified ribonucleotides in which 
the 2'-OH is replaced by a group selected from H, OR,R, halo, 
SH, SR, NH2, NHR, NR2, or CN. shRNAs also can comprise 
non-natural elements such as non-natural bases, e.g., ionosin 
and Xanthine, normatural Sugars, e.g. 2'-methoxy ribose, or 
non-natural phosphodiester linkages, e.g., methylphospho 
nates, phosphorothioates and peptides. 
The term “nucleic acid sequence' or "oligonucleotide' or 

"polynucleotide' are used interchangeably herein and refers 
to at least two nucleotides covalently linked together. The 
term “nucleic acid sequence' is also used inter-changeably 
herein with “gene”, “cDNA', and “mRNA'. As will be appre 
ciated by those in the art, the depiction of a single nucleic acid 
sequence also defines the sequence of the complementary 
nucleic acid sequence. Thus, a nucleic acid sequence also 
encompasses the complementary strand of a depicted single 
Strand. Unless otherwise indicated, a particular nucleic acid 
sequence also implicitly encompasses conservatively modi 
fied variants thereof (e.g., degenerate codon Substitutions) 
and complementary sequences, as well as the sequence 
explicitly indicated. As will also be appreciated by those in 
the art, a single nucleic acid sequence provides a probe that 
can hybridize to the target sequence under stringent hybrid 
ization conditions. Thus, a nucleic acid sequence also encom 
passes a probe that hybridizes under Stringent hybridization 
conditions. The term “nucleic acid sequence” refers to a 
single or double-stranded polymer of deoxyribonucleotide or 
ribonucleotide bases read from the 5'- to the 3'-end. It includes 
chromosomal DNA, self-replicating plasmids, infectious 
polymers of DNA or RNA and DNA or RNA that performs a 
primarily structural role. “Nucleic acid sequence” also refers 
to a consecutive list of abbreviations, letters, characters or 
words, which represent nucleotides. Nucleic acid sequences 
can be single stranded or double stranded, or can contain 
portions of both double stranded and single stranded 
sequence. The nucleic acid sequence can be DNA, both 
genomic and cDNA, RNA, or a hybrid, where the nucleic acid 
sequence can contain combinations of deoxyribo- and ribo 
nucleotides, and combinations of bases including uracil, 
adenine, thymine, cytosine, guanine, inosine, Xanthine 
hypoxanthine, isocytosine and isoguanine. Nucleic acid 
sequences can be obtained by chemical synthesis methods or 
by recombinant methods. A nucleic acid sequence will gen 
erally contain phosphodiester bonds, although nucleic acid 
analogs can be included that can have at least one different 
linkage, e.g., phosphoramidate, phosphorothioate, phospho 
rodithioate, or O-methylphosphoroamidite linkages and pep 
tide nucleic acid backbones and linkages in the nucleic acid 
sequence. Other analog nucleic acids include those with posi 
tive backbones; non-ionic backbones, and non-ribose back 
bones, including those described in U.S. Pat. Nos. 5.235,033 
and 5,034,506, which are incorporated by reference. Nucleic 
acid sequences containing one or more non-naturally occur 
ring or modified nucleotides are also included within one 
definition of nucleic acid sequences. The modified nucleotide 
analog can be located for example at the 5'-end and/or the 
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3'-end of the nucleic acid sequence. Representative examples 
of nucleotide analogs can be selected from Sugar- or back 
bone-modified ribonucleotides. It should be noted, however, 
that also nucleobase-modified ribonucleotides, i.e. ribonucle 
otides, containing a non naturally occurring nucleobase 
instead of a naturally occurring nucleobase Such as uridines 
or cytidines modified at the 5-position, e.g. 5-(2-amino)pro 
pyl uridine, 5-bromo uridine; adenosines and guanosines 
modified at the 8-position, e.g. 8-bromo guanosine; deaza 
nucleotides, e.g. 7 deaza-adenosine; O- and N-alkylated 
nucleotides, e.g. N6-methyl adenosine are suitable. The 2 
OH group can be replaced by a group selected from H.O.R. 
R. halo, SH, SR, NH2, NHR, NR2 or CN, wherein R is C-C6 
alkyl, alkenyl or alkynyl and halo is F, Cl, Br or I. Modifica 
tions of the ribose-phosphate backbone can be done for a 
variety of reasons, e.g., to increase the stability and half-life 
of such molecules in physiological environments or as probes 
on a biochip. Mixtures of naturally occurring nucleic acids 
and analogs can be used; alternatively, mixtures of different 
nucleic acid analogs, and mixtures of naturally occurring 
nucleic acids and analogs can be used. Nucleic acid 
sequences include but are not limited to, nucleic acid 
sequence encoding proteins, for example that act as transcrip 
tional repressors, antisense molecules, ribozymes, Small 
inhibitory nucleic acid sequences, for example but not limited 
to RNAi, shRNAi, siRNA, microRNAi (mRNAi), antisense 
oligonucleotides etc. 
The term "oligonucleotide' as used herein refers to an 

oligomer or polymer of ribonucleic acid (RNA) or deoxyri 
bonucleic acid (DNA) or mimetics thereof, as well as oligo 
nucleotides having non-naturally-occurring portions which 
function similarly. Such modified or substituted oligonucle 
otides are often preferred over native forms because of desir 
able properties such as, for example, enhanced cellular 
uptake, enhanced affinity for nucleic acid target and increased 
stability in the presence of nucleases. An oligonucleotide 
preferably includes two or more nucleomonomers covalently 
coupled to each other by linkages (e.g., phosphodiesters) or 
Substitute linkages. 

In its broadest sense, the term "substantially complemen 
tary, when used herein with respect to a nucleotide sequence 
in relation to a reference or target nucleotide sequence, means 
a nucleotide sequence having a percentage of identity 
between the substantially complementary nucleotide 
sequence and the exact complementary sequence of said ref 
erence or target nucleotide sequence of at least 60%, at least 
70%, at least 80% or 85%, at least 90%, at least 93%, at least 
95% or 96%, at least 97% or 98%, at least 99% or 100% (the 
later being equivalent to the term “identical' in this context). 
For example, identity is assessed over a length of at least 10 
nucleotides, or at least 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 
21, 22 or up to 50 nucleotides of the entire length of the 
nucleic acid sequence to said reference sequence (if not speci 
fied otherwise below). Sequence comparisons are carried out 
using default GAP analysis with the University of Wisconsin 
GCG, SEQWEB application of GAP, based on the algorithm 
of Needleman and Wunsch (Needleman and Wunsch (1970).J 
Mol. Biol. 48: 443-453; as defined above). A nucleotide 
sequence “substantially complementary to a reference 
nucleotide sequence hybridizes to the reference nucleotide 
sequence under low stringency conditions, preferably 
medium stringency conditions, most preferably high Strin 
gency conditions (as defined above). 

In its broadest sense, the term “substantially identical, 
when used herein with respect to a nucleotide sequence, 
means a nucleotide sequence corresponding to a reference or 
target nucleotide sequence, wherein the percentage of iden 
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tity between the substantially identical nucleotide sequence 
and the reference or target nucleotide sequence is at least 
60%, at least 70%, at least 80% or 85%, at least 90%, at least 
93%, at least 95% or 96%, at least 97% or 98%, at least 99% 
or 100% (the later being equivalent to the term “identical” in 
this context). For example, identity is assessed over a length 
of 10-22 nucleotides, such as at least 10, 11, 12, 13, 14, 15, 16, 
17, 18, 19, 20, 21, 22 or up to 50 nucleotides of a nucleic acid 
sequence to said reference sequence (if not specified other 
wise below). Sequence comparisons are carried out using 
default GAP analysis with the University of Wisconsin GCG, 
SEQWEB application of GAP, based on the algorithm of 
Needleman and Wunsch (Needleman and Wunsch (1970) J 
Mol. Biol. 48: 443-453; as defined above). A nucleotide 
sequence that is “substantially identical to a reference nucle 
otide sequence hybridizes to the exact complementary 
sequence of the reference nucleotide sequence (i.e. its corre 
sponding strand in a double-stranded molecule) under low 
stringency conditions, preferably medium stringency condi 
tions, most preferably high Stringency conditions (as defined 
above). Homologues of a specific nucleotide sequence 
include nucleotide sequences that encode an amino acid 
sequence that is at least 24% identical, at least 35% identical, 
at least 50% identical, at least 65% identical to the reference 
amino acid sequence, as measured using the parameters 
described above, wherein the amino acid sequence encoded 
by the homolog has the same biological activity as the protein 
encoded by the specific nucleotide. The term “substantially 
non-identical” refers to a nucleotide sequence that does not 
hybridize to the nucleic acid sequence under stringent condi 
tions. 
As used herein, the term “gene’ refers to a nucleic acid 

sequence comprising an open reading frame encoding a 
polypeptide, including both exon and (optionally) intron 
sequences. A "gene' refers to coding sequence of a gene 
product, as well as non-coding regions of the gene product, 
including 5'UTR and 3'UTR regions, introns and the pro 
moter of the gene product. These definitions generally refer to 
a single-stranded molecule, but in specific embodiments will 
also encompass an additional Strand that is partially, Substan 
tially or fully complementary to the single-stranded mol 
ecule. Thus, a nucleic acid sequence can encompass a double 
stranded molecule or a double-stranded molecule that 
comprises one or more complementary strand(s) or “comple 
ment(s) of a particular sequence comprising a molecule. As 
used herein, a single stranded nucleic acid can be denoted by 
the prefix “ss', a double stranded nucleic acid by the prefix 
“ds', and a triple stranded nucleic acid by the prefix “ts.” 
The term “operable linkage' or “operably linked' are used 

interchangeably herein, are to be understood as meaning, for 
example, the sequential arrangement of a regulatory element 
(e.g. a promoter) with a nucleic acid sequence to be expressed 
and, if appropriate, further regulatory elements (such as, e.g., 
a terminator) in Such a way that each of the regulatory ele 
ments can fulfill its intended function to allow, modify, facili 
tate or otherwise influence expression of the linked nucleic 
acid sequence. The expression may result depending on the 
arrangement of the nucleic acid sequences in relation to sense 
or antisense RNA. To this end, direct linkage in the chemical 
sense is not necessarily required. Genetic control sequences 
Such as, for example, enhancer sequences, can also exert their 
function on the target sequence from positions which are 
further away, or indeed from other DNA molecules. In some 
embodiments, arrangements are those in which the nucleic 
acid sequence to be expressed recombinantly is positioned 
behind the sequence acting as promoter, so that the two 
sequences are linked covalently to each other. The distance 
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between the promoter sequence and the nucleic acid sequence 
to be expressed recombinantly can be any distance, and in 
Some embodiments is less than 200 base pairs, especially less 
than 100 base pairs, less than 50 base pairs. In some embodi 
ments, the nucleic acid sequence to be transcribed is located 
behind the promoter in Such a way that the transcription start 
is identical with the desired beginning of the chimeric RNA of 
the invention. Operable linkage, and an expression construct, 
can be generated by means of customary recombination and 
cloning techniques as described (e.g., in Maniatis T. Fritsch E 
F and SambrookJ (1989) Molecular Cloning: A Laboratory 
Manual, 2nd Ed., Cold Spring Harbor Laboratory, Cold 
Spring Harbor (NY); Silhavy et al. (1984) Experiments with 
Gene Fusions, Cold Spring Harbor Laboratory, Cold Spring 
Harbor (NY); Ausubel et al. (1987) Current Protocols in 
Molecular Biology, Greene Publishing Assoc and Wiley 
Interscience; Gelvin et al. (Eds)(1990) Plant Molecular Biol 
ogy Manual: Kluwer Academic Publisher, Dordrecht, The 
Netherlands). However, further sequences may also be posi 
tioned between the two sequences. The insertion of sequences 
may also lead to the expression offusion proteins, or serves as 
ribosome binding sites. In some embodiments, the expression 
construct, consisting of a linkage of promoter and nucleic 
acid sequence to be expressed, can exist in a vector integrated 
form and be inserted into a plant genome, for example by 
transformation. 

The terms “promoter,” “promoter element,” or “promoter 
sequence' are equivalents and as used herein, refers to a DNA 
sequence which when operatively linked to a nucleotide 
sequence of interest is capable of controlling the transcription 
of the nucleotide sequence of interest into mRNA. A promoter 
is typically, though not necessarily, located 5' (i.e., upstream) 
of a nucleotide sequence of interest (e.g., proximal to the 
transcriptional start site of a structural gene) whose transcrip 
tion into mRNA it controls, and provides a site for specific 
binding by RNA polymerase and other transcription factors 
for initiation of transcription. A polynucleotide sequence is 
"heterologous to an organism or a second polynucleotide 
sequence if it originates from a foreign species, or, if from the 
same species, is modified from its original form. For example, 
a promoter operably linked to a heterologous coding 
sequence refers to a coding sequence from a species different 
from that from which the promoter was derived, or, if from the 
same species, a coding sequence which is not naturally asso 
ciated with the promoter (e.g. a genetically engineered coding 
sequence or an allele from a different ecotype or variety). 
Suitable promoters can be derived from genes of the host cells 
where expression should occur or from pathogens for the host 
cells (e.g., tissue promoters or pathogens like viruses). 

Ifa promoter is an “inducible promoter', as defined herein, 
then the rate of transcription is modified in response to an 
inducing agentor inducer. In contrast, the rate of transcription 
is not regulated by an inducer if the promoter is a constitutive 
promoter. The term “constitutive' when made in reference to 
a promoter means that the promoter is capable of directing 
transcription of an operably linked nucleic acid sequence in 
the absence of a stimulus (e.g., heat shock, chemicals, agents, 
light, etc.). Typically, constitutive promoters are capable of 
directing expression of a nucleic acid sequence in Substan 
tially any cell and any tissue. In contrast, the term “regulate 
able' or “inducible' promoter referred to herein is one which 
is capable of directing a level of transcription of an operably 
linked nucleic acid sequence in the presence of a stimulus 
(e.g., heat shock, chemicals, light, agent etc.) which is differ 
ent from the level of transcription of the operably linked 
nucleic acid sequence in the absence of the stimulus. 
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A promoter may be regulated in a tissue-specific or tissue 

preferred manner Such that it is only active in transcribing the 
associated coding region in a specific tissue type(s). The term 
“tissue specific' as it applies to a promoter refers to a pro 
moter that is capable of directing selective expression of a 
nucleotide sequence of interest to a specific type of tissue 
(e.g., liver) in the relative absence of expression of the same 
nucleotide sequence of interest in a different type of tissue 
(e.g., kidney). Tissue specificity of a promoter may be evalu 
ated by, for example, operably linking a reporter gene to the 
promoter sequence to generate a reporter construct, introduc 
ing the reporter construct into the genome of an organism, e.g. 
an animal model Such that the reporter construct is integrated 
into every tissue of the resulting transgenic animal, and 
detecting the expression of the reporter gene (e.g., detecting 
mRNA, protein, or the activity of a protein encoded by the 
reporter gene) in different tissues of the transgenic animal. 
The detection of a greater level of expression of the reporter 
gene in one or more tissues relative to the level of expression 
of the reporter gene in other tissues shows that the promoter is 
specific for the tissues in which greater levels of expression 
are detected. The term "cell type specific” as applied to a 
promoter refers to a promoter, which is capable of directing 
selective expression of a nucleotide sequence of interest in a 
specific type of cell in the relative absence of expression of the 
same nucleotide sequence of interest in a different type of cell 
within the same tissue. The term “cell type specific’ when 
applied to a promoter also means a promoter capable of 
promoting selective expression of a nucleotide sequence of 
interest in a region within a single tissue. Cell type specificity 
of a promoter may be assessed using methods well known in 
the art, e.g., GUS activity staining or immunohistochemical 
staining. The term “minimal promoter” as used herein refers 
to the minimal nucleic acid sequence comprising a promoter 
element while also maintaining a functional promoter. A 
minimal promoter may comprise an inducible, constitutive or 
tissue-specific promoter. 
The term “expression” as used herein refers to the biosyn 

thesis of a gene product, preferably to the transcription and/or 
translation of a nucleotide sequence, for example an endog 
enous gene or a heterologous gene, in a cell. For example, in 
the case of a heterologous nucleic acid sequence, expression 
involves transcription of the heterologous nucleic acid 
sequence into mRNA and, optionally, the Subsequent trans 
lation of mRNA into one or more polypeptides. Expression 
also refers to biosynthesis of an RNAi molecule, which refers 
to expression and transcription of an RNAi agent Such as 
siRNA, shRNA, and antisense DNA but does not require 
translation to polypeptide sequences. The term “expression 
construct” and “nucleic acid construct” as used herein are 
synonyms and refer to a nucleic acid sequence capable of 
directing the expression of a particular nucleotide sequence, 
Such as the heterologous target gene sequence in an appro 
priate host cell (e.g., a prokaryotic cell, eukaryotic cell, or 
mammalian cell). If translation of the desired heterologous 
target gene is required, it also typically comprises sequences 
required for proper translation of the nucleotide sequence. 
The coding region may code for a protein of interest but may 
also code for a functional RNA of interest, for example anti 
sense RNA, dsRNA, or a nontranslated RNA, in the sense or 
antisense direction. The nucleic acid construct as disclosed 
herein can be chimeric, meaning that at least one of its com 
ponents is heterologous with respect to at least one of its other 
components. 
The term “leakiness” or “leaky' as used in reference to 

“promoter leakiness” refers to some level of expression of the 
nucleic acid sequence which is operatively linked to the pro 
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moter, even when the promoter is not intended to result in 
expression of the nucleic acid sequence (i.e. when the pro 
moter is in the “off” state, a background level of expression of 
the nucleic acid sequence which is operatively linked to Such 
promoter exists). In one illustrative example using inducible 
promoters, for example a Tet-on promoter, a leaky promoter 
is where some level of the nucleic acid sequence expression 
(which is operatively linked to the Tet-on promoter) still 
occurs in the absence of the inducer agent, tetracycline. Typi 
cally, most inducible promoters and tissue-specific promoters 
have approximately 10%-30% or 10-20% unintended or 
background nucleic acid sequence expression when the pro 
moter is not active, for example, the background of leakiness 
of nucleic acid sequence expression is about 10%-20% or 
about 10-30%. As an illustrative example using a tissue 
specific promoter, a “leaky promoter is one in which expres 
sion of the nucleic acid sequence occurs in tissue where a 
tissue-specific promoter is not active, i.e. expression occurs in 
a non-specific tissue. Stated in another way using a kidney 
specific promoter as an example; if at least some level of the 
nucleic acid sequence expression occurs in at least one tissue 
other than the kidney, where the nucleic acid sequence is 
operably linked to a kidney specific promoter, the kidney 
specific promoter would be considered a leaky promoter 
The term "enhancer” refers to a cis-acting regulatory 

sequence involved in the transcriptional activation of a 
nucleic acid sequence. An enhancer can function in either 
orientation and can be upstream or downstream of the pro 
moter. As used herein, the term “gene product(s) is used to 
refer to include RNA transcribed from a gene, or a polypep 
tide encoded by a gene or translated from RNA. A protein 
and/or peptide or fragment thereof can be any protein of 
interest, for example, but not limited to; mutated proteins; 
therapeutic proteins; truncated proteins, wherein the protein 
is normally absent or expressed at lower levels in the cell. 
Proteins can also be selected from a group comprising: 
mutated proteins, genetically engineered proteins, peptides, 
synthetic peptides, recombinant proteins, chimeric proteins, 
antibodies, midibodies, tribodies, humanized proteins, 
humanized antibodies, chimeric antibodies, modified pro 
teins and fragments thereof. 

The term “nucleic acid construct as used herein refers to a 
nucleic acid at least partly created by recombinant methods. 
The term “DNA construct” refers to a polynucleotide con 
struct consisting of deoxyribonucleotides. The construct can 
be single or double stranded. The construct can be circular or 
linear. A person of ordinary skill in the art is familiar with a 
variety of ways to obtain and generate a DNA construct. 
Constructs can be prepared by means of customary recombi 
nation and cloning techniques as are described, for example, 
in Maniatis T. Fritsch EF and SambrookJ (1989) Molecular 
Cloning: A Laboratory Manual, 2nd Ed., Cold Spring Harbor 
Laboratory, Cold Spring Harbor (NY); Silhavy et al. (1984) 
Experiments with Gene Fusions, Cold Spring Harbor Labo 
ratory, Cold Spring Harbor (NY); Ausubel et al. (1987) Cur 
rent Protocols in Molecular Biology, Greene Publishing 
Assoc and Wiley Interscience; Gelvin et al. (Eds) (1990) 
Plant Molecular Biology Manual: Kluwer Academic Pub 
lisher, Dordrecht, The Netherlands. 
The terms “polypeptide', 'peptide'. “oligopeptide', 

"polypeptide'. “gene product”, “expression product” and 
“protein’ are used interchangeably herein to refer to a poly 
mer or oligomer of consecutive amino acid residues. 
As used herein, the term “comprising means that other 

elements can also be present in addition to the defined ele 
ments presented. The use of "comprising indicates inclusion 
rather than limitation. Accordingly, the terms "comprising 
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means “including principally, but not necessary solely'. Fur 
thermore, variation of the word “comprising. Such as "com 
prise' and “comprises', have correspondingly the same 
meanings. The term "consisting essentially of means 
“including principally, but not necessary solely at least one'. 
and as such, is intended to mean a 'selection of one or more, 
and in any combination'. Stated another way, the term “con 
sisting essentially of means that an element can be added, 
subtracted or substituted without materially affecting the 
novel characteristics of the invention. This applies equally to 
steps within a described method as well as compositions and 
components therein. In other embodiments, the inventions, 
compositions, methods, and respective components thereof, 
described herein are intended to be exclusive of any element 
not deemed an essential element to the component, compo 
sition or method ('consisting of'). For example, an engi 
neered genetic counter that comprises a sequence encoding a 
recombinase and a recombinase recognition sequence 
encompasses both the recombinase and a recombinase rec 
ognition sequence of a larger sequence. By way of further 
example, a composition that comprises elements A and B also 
encompasses a composition consisting of A, B and C. 
As used in this specification and the appended claims, the 

singular forms “a,” “an and “the include plural references 
unless the context clearly dictates otherwise. Thus for 
example, references to “the method’ includes one or more 
methods, and/or steps of the type described herein and/or 
which will become apparent to those persons skilled in the art 
upon reading this disclosure and so forth. 

It is understood that the foregoing detailed description and 
the following examples are illustrative only and are not to be 
taken as limitations upon the scope of the invention. Various 
changes and modifications to the disclosed embodiments, 
which will be apparent to those of skill in the art, may be made 
without departing from the spirit and scope of the present 
invention. Further, all patents, patent applications, publica 
tions, and websites identified are expressly incorporated 
herein by reference for the purpose of describing and disclos 
ing, for example, the methodologies described in Such publi 
cations that might be used in connection with the present 
invention. These publications are provided solely for their 
disclosure prior to the filing date of the present application. 
Nothing in this regard should be construed as an admission 
that the inventors are not entitled to antedate such disclosure 
by virtue of prior invention or for any other reason. All state 
ments as to the date or representation as to the contents of 
these documents are based on the information available to the 
applicants and do not constitute any admission as to the 
correctness of the dates or contents of these documents. 
The present invention can be defined in any of the follow 

ing numbered paragraphs: 
1. A single invertase memory module (SIMM) comprising 

a forward recombinase recognition site (RRS), an 
inverted promoter sequence (iP), a recombinase 
sequence (RC) and a reverse recombinase recognition 
site (RRS), RRS-iP-RC-RRS), where the 
recombinase encoded by the recombinase sequence is 
specific for the forward and reverse recombination rec 
ognition sites. 

2. The single invertase memory module of paragraph 1, 
further comprising a ribosome binding site (RBS). 

3. The single invertase memory module of any of the pre 
ceding paragraphs, further comprising a transcriptional 
terminator sequence (T). 

4. The single invertase memory module of any of the pre 
ceding paragraphs, further comprising a protein degra 
dation tag sequence (D). 



US 8,645,115 B2 
153 

5. The single invertase memory module of any of the pre 
ceding paragraphs, further comprising a ribosome bind 
ing site (RBS) and a transcriptional terminator sequence 
(T). 

6. The single invertase memory module of any of the pre 
ceding paragraphs, further comprising a ribosome bind 
ing site (RBS) and a protein degradation tag sequence 
(D). 

7. The single invertase memory module of any of the pre 
ceding paragraphs, further comprising a protein degra 
dation tag sequence (D) and a transcriptional terminator 
sequence (T). 

8. The single invertase memory module of any of the pre 
ceding paragraphs, further comprising a ribosome bind 
ing site (RBS), a protein degradation tag sequence (D), 
and a transcriptional terminator sequence (T). 

9. The single invertase memory module of any of the pre 
ceding paragraphs, further comprising an output nucleic 
acid sequence encoding an output product. 

10. The single invertase memory module of any of the 
preceding paragraphs, wherein the output product is a 
reporter protein, a transcriptional repressor, a transcrip 
tional activator, a selection marker, an enzyme, a recep 
tor protein, a ligand protein, an RNA, a riboswitch or a 
short-hairpin RNA. 

11. A single-inducer engineered genetic counter compris 
ing an inducible promoter sequence (iP), at least one 
single invertase memory module (SIMM), and an output 
nucleic acid sequence encoding an output product (OP), 
where the SIMM comprises a forward recombinase rec 
ognition sequence (RRS), an inverted inducible pro 
moter sequence (iP), a ribosome binding site (RBS), 
a recombinase gene sequence (RC), a degradation tag 
sequence (D), a transcriptional terminator sequence (T), 
and a reverse recombinase recognition sequence 
(RRS). Such that the single-inducer engineered 
genetic counter comprises the following components: 
iP-RRS-iP-RBS-RC-D-T-RRS-OP 
wherein iP and the iP of each SIMM are responsive to 

the same inducer, wherein the recombinase encoded 
by each at least one SIMM is specific for the forward 
and reverse recombinase recognition site of that 
SIMM, and wherein n is an integer value a 1. 

12. The single-inducer engineered genetic counter of para 
graph 11, wherein the recombinase encoded by each at 
least one SIMM is a different recombinase from each 
other SIMM. 

13. The single-inducer engineered genetic counter of para 
graph 11 or 12, further comprising an inverted promoter 
sequence downstream of the reverse recombination rec 
ognition site of at least one SIMM. 

14. The single-inducer engineered genetic counter of any 
of paragraphs 11-13, further comprising an output 
nucleic acid sequence encoding an output product 
downstream of the recombinase sequence of at least one 
SIMM. 

15. The single-inducer engineered genetic counter of any 
of paragraphs 11-14, further comprising an inverted out 
put nucleic acid sequence encoding an output product 
downstream of the transcriptional terminator sequence 
of at least one SIMM. 

16. A multiple-inducer engineered genetic counter com 
prising an inducible promoter sequence (iP), at least 
one single invertase memory module (SIMM), and an 
output nucleic sequence encoding an output product 
(OP), where each at least one SIMM comprises a for 
ward recombinase recognition sequence (RRS), an 
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inverted inducible promoter sequence (iP), a ribo 
Some binding site (RBS), a recombinase gene sequence 
(RC), a degradation tag sequence (D), a transcriptional 
terminator sequence (T), and a reverse recombinase rec 
ognition sequence (RRS), such that the multiple-in 
ducer engineered genetic counter comprises the follow 
ing components: 
iP-RRS-iP-RBS-RC-D-T-RRS-OP, 
wherein iP and the iP of at least one SIMM are respon 

sive to different inducers from each other, wherein the 
recombinase encoded by each at least one SIMM is 
specific for the forward and reverse recombinase rec 
ognition site of that SIMM, and wherein n is an inte 
ger value a1. 

17. The multiple-inducer engineered genetic counter of 
paragraph 16, wherein the recombinase encoded by each 
at least one SIMM is a different recombinase from each 
other SIMM. 

18. The multiple-inducer engineered genetic counter of 
paragraphs 16 or 17, further comprising an inverted 
promoter sequence downstream of the reverse recombi 
nation recognition site of at least one SIMM. 

19. The multiple-inducer engineered genetic counter of 
any of paragraphs 16-18, further comprising an output 
nucleic acid sequence encoding an output product 
downstream of the recombinase sequence of at least one 
SIMM. 

20. The multiple-inducer engineered genetic counter of 
paragraphs 16-19, further comprising an inverted output 
nucleic acid sequence encoding an output product 
downstream of the transcriptional terminator sequence 
of at least one SIMM. 

21. The engineered genetic counter of any of paragraphs 
11-20, wherein the recombinase sequence and the for 
ward and reverse recombinase recognition sites of at 
least one SIMM comprise a Cre recombinase sequence 
of SEQ ID NO: 1002, and LoxP recombinase recogni 
tion sites comprising the sequences of SEQID NO:1 and 
SEQ ID NO:2. 

22. The engineered genetic counter of any of paragraphs 
11-21, wherein the recombinase sequence and the for 
ward and reverse recombinase recognition sites of one 
SIMM comprise a Flp recombinase sequence of SEQID 
NO:3 or SEQ ID NO:1002 and FRT recombinase rec 
ognition sites comprising the sequence of SEQID NO: 
4. 

23. The engineered genetic counter of any of paragraphs 
11-22, wherein the recombinase sequence and the for 
ward and reverse recombinase recognition sites of one 
SIMM comprise a Flp recombinase sequence of SEQID 
NO:3 or SEQ ID NO:1002 and FRT recombinase rec 
ognition sites comprising the sequence of SEQID NO: 
5. 

24. The engineered genetic counter of any of paragraphs 
11-23, wherein the recombinase sequence and the for 
ward and reverse recombinase recognition sites of one 
SIMM comprise a FimB recombinase of SEQID NO: 9 
and recombinase recognition sites comprising the 
sequence of SEQID NO: 7 and SEQID NO: 8. 

25. The engineered genetic counter of any of paragraphs 
11-24, wherein the recombinase sequence and the for 
ward and reverse recombinase recognition sites of one 
SIMM comprise a FimErecombinase of SEQID NO: 10 
and recombinase recognition sites comprising the 
sequence of SEQID NO: 7 and SEQID NO: 8 respec 
tively. 
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26. The engineered genetic counter of any of paragraphs 
11-25, wherein the recombinase sequence of one SIMM 
comprises a Cre recombinase of SEQID NO: 1002, and 
the LoxP recombinase recognition sites of that SIMM 
comprise a sequence selected from the group consisting 
of SEQID NO: 13, SEQID NO: 14, SEQID NO: 15, 
SEQID NO: 16, and SEQID NO: 17. 

27. The engineered genetic counter of any of paragraphs 
11-26, wherein at least one inducible promoter com 
prises a sequence selected from the group consisting of 
a P. promoter of SEQID NO:33, a P. promoter 
of SEQID NO:34, a P-promoter of SEQID NO:35, 
a Pro-1 promoter of SEQ ID NO: 36, a Pro 
promoter of SEQ ID NO:37, a P. promoter of 
SEQID NO:38, and a P, promoter of SEQID NO: 
39. 

28. The engineered genetic counter of any of paragraphs 
11-27, wherein at least one inducible promoter com 
prises a sequence selected from the group consisting of 
SEQID NO:320-SEQID NO: 842. 

29. The engineered genetic counter of any of paragraphs 
11-28, wherein the output product encoded by the output 
nucleic acid sequence is a reporter protein, a transcrip 
tional repressor, a transcriptional activator, a selection 
marker, an enzyme, a receptor protein, a ligand protein, 
an RNA, a riboswitch or a short-hairpin RNA. 

30. The engineered genetic counter of any of paragraphs 
11-29, further comprising an RBS sequence upstream of 
the output nucleic acid sequence. 

31. The engineered genetic counter of any of paragraphs 
11-30, wherein the RBS sequence of at least one SIMM 
comprises a sequence that is selected from the group 
consisting of SEQ ID NO: 843-SEQ ID NO: 850. 

32. The engineered genetic counter of any of paragraph 
11-31, wherein the RBS sequence of at least one SIMM 
comprises a sequence that is selected from SEQID NO: 
851-SEQ ID NO:994. 

33. The engineered genetic counter of any of paragraphs 
11-32, wherein the protein degradation tag sequence of 
at least one SIMM comprises a sequence that is selected 
from the group consisting of sequences that encode for 
the peptides of SEQ ID NO: 995-SEQID NO: 1001. 

34. The engineered genetic counters of any of paragraphs 
11-34, wherein n is an integer value selected from the 
group consisting of 1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19, and 20. 

35. A single-inducer engineered genetic counter compris 
ing an inducible promoter sequence (iP), one single 
invertase memory module (SIMM), and an output 
nucleic acid sequence encoding an output product (OP), 
where the SIMM comprises a forward recombinase rec 
ognition sequence (RRS), an inverted inducible pro 
moter sequence (iP), a ribosome binding site (RBS), 
a recombinase gene sequence (RC), a degradation tag 
sequence (D), a transcriptional terminator sequence (T), 
and a reverse recombinase recognition sequence 
(RRS). Such that the single-inducer engineered 
genetic counter comprises the following components: 
iP-RRS-iP-RBS-RC-D-T-RRS-OP, 
wherein iP and iP are responsive to the same inducer, 

and wherein the recombinase encoded by the SIMM 
is specific for the forward and reverse recombinase 
recognition site of the SIMM. 

36. The single-inducer engineered genetic counter of para 
graph 35, wherein the inducible promoter sequences iP 
and iP are responsive to arabinose. 
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37. The single-inducer engineered genetic counter of para 

graph 35 or 36, wherein the inducible promoter 
sequences iP and iP are P promoter sequences. 

38. The single-inducer engineered genetic counter of any 
of paragraphs 35-37, wherein the recombinase gene 
sequence (RC) encodes a Flp recombinase and the for 
ward (RRS) and reverse (RRS) recombinase recog 
nition sites are FRT, and FRT sites. 

39. The single-inducer engineered genetic counter of any 
of paragraphs 35-38, wherein the output nucleic acid 
sequence encodes green fluorescent protein. 

40. A single-inducer engineered genetic counter compris 
ing an inducible promoter sequence (iP), two single 
invertase memory modules (SIMMs), and an output 
nucleic acid sequence encoding an output product (OP), 
where each SIMM comprises a forward recombinase 
recognition sequence (RRS), an inverted inducible 
promoter sequence (iP), a ribosome binding site 
(RBS), a recombinase gene sequence (RC), a degrada 
tion tag sequence (D), a transcriptional terminator 
sequence (T), and a reverse recombinase recognition 
sequence (RRS), such that the single-inducer engi 
neered genetic counter comprises the following compo 
nents: 

iP-RRS-iP-RBS-RC-D-T-RRS 
RRS-iP-RBS-RC-D-T-RRS-OP, 

wherein iP and iP are responsive to the same inducer, 
and wherein the recombinase encoded by each SIMM 
is specific for the forward and reverse recombinase 
recognition site of that SIMM. 

41. The single-inducer engineered genetic counter of para 
graph 40, wherein the inducible promoter sequences iP 
and iP are responsive to arabinose. 

42. The single-inducer engineered genetic counter of para 
graph 40 or 41, wherein the inducible promoter 
sequences iP and iP are P promoter sequences. 

43. The single-inducer engineered genetic counter of any 
of paragraphs 40-42, wherein the recombinase gene 
sequence of the first SIMM (RC) encodes a Flp recom 
binase and the forward (RRS) and reverse (RRS) 
recombinase recognition sites of the first SIMM are 
FRT and FRT sites. 

44. The single-inducer engineered genetic counter of any 
of paragraphs 40-43, wherein the recombinase gene 
sequence of the second SIMM (RC) encodes a Cre 
recombinase and the forward (RRS) and reverse 
(RRS) recombinase recognition sites of the second 
SIMM are loxP, and loxP sites. 

45. The single-inducer engineered genetic counter of any 
of paragraphs 40-44, wherein the output nucleic acid 
sequence encodes green fluorescent protein. 

46. A multiple-inducer engineered genetic counter com 
prising an inducible promoter sequence (iP), one single 
invertase memory module (SIMM), and an output 
nucleic sequence encoding an output product (OP), 
where the SIMM comprises a forward recombinase rec 
ognition sequence (RRS), an inverted inducible pro 
moter sequence (iP), a ribosome binding site (RBS), 
a recombinase gene sequence (RC), a degradation tag 
sequence (D), a transcriptional terminator sequence (T), 
and a reverse recombinase recognition sequence 
(RRS), such that the multiple-inducer engineered 
genetic counter comprises the following components: 
iP-RRS-iP-RBS-RC-D-T-RRS-OP, 
wherein iP and the iP of the SIMM are responsive to 

different inducers from each other, and wherein the 
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recombinase encoded by the SIMM is specific for the 
forward and reverse recombinase recognition site of 
the SIMM. 

47. The multiple-inducer engineered genetic counter of 
paragraph 46, wherein the inducible promoter sequence 
iP is responsive to anhydrotetracycline. 

48. The multiple-inducer engineered genetic counter of 
paragraph 46 or 47, wherein the inducible promoter 
sequence iP is responsive to arabinose. 

49. The multiple-inducer engineered genetic counter of 
any of paragraphs 46-48, wherein the inducible pro 
moter sequence iP is a Pro-1 promoter. 

50. The multiple-inducer engineered genetic counter of 
any of paragraphs 46-49, wherein the inducible pro 
moter sequence iP is a P. promoter. 

51. The multiple-inducer engineered genetic counter of 
any of paragraphs 46-50, wherein the recombinase gene 
sequence of the SIMM (RC) encodes a Flp recombi 
nase and the forward (RRS) and reverse (RRS) 
recombinase recognition sites of the SIMM are FRT 
and FRT sites. 

52. The multiple-inducer engineered genetic counter of 
any of paragraphs 46-51, wherein the output nucleic acid 
sequence encodes green fluorescent protein. 

53. A multiple-inducer engineered genetic counter com 
prising an inducible promotersequence (iP), two single 
invertase memory modules (SIMM), and an output 
nucleic sequence encoding an output product (OP), 
where each SIMM comprises a forward recombinase 
recognition sequence (RRS), an inverted inducible 
promoter sequence (iP), a ribosome binding site 
(RBS), a recombinase gene sequence (RC), a degrada 
tion tag sequence (D), a transcriptional terminator 
sequence (T), and a reverse recombinase recognition 
sequence (RRS), such that the multiple-inducer engi 
neered genetic counter comprises the following compo 
nents: 

iP-RRS-iP-RBS-RC-D-T-RRS 
RRS-iP-RBS-RC-D-T-RRSIOP 

wherein iP and the iP of at least one SIMM are respon 
sive to different inducers from each other, and 
wherein the recombinase encoded by each SIMM is 
specific for the forward and reverse recombinase rec 
ognition site of that SIMM. 

54. The multiple-inducer engineered genetic counter of 
paragraph 53, wherein the inducible promoter sequence 
iP is responsive to anhydrotetracycline. 

55. The multiple-inducer engineered genetic counter of 
paragraph 53 or 54, wherein the inducible promoter 
sequence iP is responsive to arabinose. 

56. The multiple-inducer engineered genetic counter of 
any of paragraphs 53-55, wherein the inducible pro 
moter sequence iP, is responsive to IPTG (isopropyl 
3-D thiogalactoside). 

57. The multiple-inducer engineered genetic counter of 
any of paragraphs 53-56, wherein the inducible pro 
moter sequence iP is a Pro-1 promoter. 

58. The multiple-inducer engineered genetic counter of 
any of paragraphs 53-57, wherein the inducible pro 
moter sequence iP is a P. promoter. 

59. The multiple-inducer engineered genetic counter of 
any of paragraphs 53-58, wherein the inducible pro 
moter sequence iP2 is a Po promoter. 

60. The multiple-inducer engineered genetic counter of 
any of paragraphs 53-59, wherein the recombinase gene 
sequence of the first SIMM (RC) encodes a Flp recom 
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binase and the forward (Res) and reverse (RRS) 
recombinase recognition sites of the first SIMM are 
FRT and FRT sites. 

61. The multiple-inducer engineered genetic counter of 
any of paragraphs 53-60, wherein the recombinase gene 
sequence of the second SIMM (RC) encodes a Cre 
recombinase and the forward (RRS) and reverse 
(RRS) recombinase recognition sites of the second 
SIMM are loxP and loxP sites. 

62. The multiple-inducer engineered genetic counter of 
any of paragraphs 53-61, wherein the output nucleic acid 
sequence encodes green fluorescent protein. 

63. The engineered genetic counter of any of paragraphs 
11-62, for use in a cellular or non-cellular system in 
counting inputs. 

64. The engineered genetic counter of paragraph 63, 
wherein the engineered genetic counter is introduced 
into a cellular or non-cellular system using a vector. 

65. The engineered genetic counter of paragraph 63 or 64. 
wherein the vector is a bacterial artificial chromosome 
(BAC). 

66. The engineered genetic counter of any of paragraphs 
63-65, wherein the cellular system is a prokaryotic, 
eukaryotic, or artificial cell. 

67. The engineered genetic counter of any of paragraphs 
63-65, wherein the non-cellular system is a virus or 
bacteriophage. 

68. A method for counting at least one event in a cellular 
system comprising introducing an engineered genetic 
counter of any of paragraphs 11-62 into a cellular or 
non-cellular system for use in counting events in the 
cellular or non-cellular system. 

69. The method of paragraph 68, wherein the engineered 
genetic counter is introduced into a cellular or non 
cellular system using a vector. 

70. The method of paragraph 68 or 69, wherein the vector 
is a bacterial artificial chromosome (BAC). 

71. The method of any of paragraphs 68-70, wherein the 
cellular system is a prokaryotic, eukaryotic, or artificial 
cell. 

72. The method of any of paragraphs 68-70, wherein the 
non-cellular system is a virus or bacteriophage. 

73. Any of the above-described paragraphs wherein the 
SIMM, the invertase memory module, the engineered 
genetic counter and methods of use thereof consist 
essentially of the specified components. 

EXAMPLES 

Example 1 

We have developed a novel circuit design using DNA 
recombinases to enable individual bacterial cells to count. 
Recombinases have been used for numerous applications, 
including the creation of gene knockouts and Solving sorting 
problems (N. J. Kilby, Trends Genet. 9, 413 (December, 
1993); K. A. Haynes, J Biol Eng 2, 8 (2008); T. S. Ham, 
Biotechnol Bioeng 94, 1 (2006); K. A. Datsenko, Proc Natl 
AcadSci USA97, 6640 (2000)). 
We demonstrate the ability of the counter to count from 

Zero to three events upon exposure to chemical inducers. Our 
design is composed of simple, modular building blocks com 
posed of recombinases, such as Cre and Flp, which can invert 
DNA in between two oppositely-oriented recognition sites, 
such as loxP and FRT respectively. Each recombinase is 
placed downstream of an inverted promoter (P) followed 
by an upright ribosome-binding site (RBS) and a transcrip 
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tional terminator (Term). In addition, each recombinase gene 
is fused to an SSrA tag that causes rapid degradation of recom 
binase proteins in order to maintainstability of the counter (J. 
B. Andersen, Appl Environ Microbiol 64, 2240 (1998)). The 
P-RBS-recombinase-ssrA-Term DNA sequences (Coff) 
are placed between recombinase recognition sites that are 
oriented in opposite directions to form a single counting unit 
(Rf-Coff-Rr). Upon expression of the recombinase by an 
upstream promoter, the entire Coff sequence is inverted 
between the recombinase recognition sites. In this design, the 
Coff orientation represents a Zero and the inverted P-RBS 
recombinase-SSrA-Term DNA sequence (Con) represents a 
one. In the inverted orientation (Con), further expression of 
the recombinase is not achieved because the recombinase 
DNA is inverted with respect to the upstream promoter. 
Therefore, the Con DNA sequence is stable and avoids being 
flipped back to Coff. To achieve counting, these components 
are daisy-chained together on the Escherichia coli chromo 
some, with a promoter placed upstream of the first R-C-R, 
DNA sequence. 
To avoid loss of atomicity, we placed counting circuits on 

pBAC plasmids which are maintained as single-copy epi 
somes (D. A. Wright, Nat Protoc 1, 1637 (2006)). Upon 
transcription of the most upstream promoter (P. from R. 
Lutz, Nucleic Acids Res 25, 1203 (1997)), the first recombi 
nase (Flpe from F. Buchholz, Nat Biotechnol 16, 657 (1998)) 
is expressed and inverts the DNA located between its cognate 
recombinase sites. This converts R-C-R, to R-C-R, and 
halts further transcription of that same recombinase because 
there is no active promoter upstream of the R-C-R, 
sequence. This first inversion event results in a logical tran 
sition from Zero to one. Inversion brings P, the inverted 
promoter of Ca into the upright orientation. For example, 
inversion of FRT-P-RBS-flpe-ssrA-Term-FRT, pro 
duces a forward-facing p BAD promoter that is able to drive 
expression of the next stage. Transcription from this promoter 
can thus invert the downstream R-C-R, resulting in 
another transition. To monitor Successful counting, an RBS 
followed by a green fluorescent protein gene (gfp) was placed 
downstream of the last R-C-R module. Thus, green fluo 
rescence should only be detected when the last R-C-R, 
module is inverted and the appropriate inducer is added to 
activate the last promoter, which should only be true when the 
circuit has counted to its maximum. Because there are >100 
identified recombinases, our design is readily extendible to 
count in a modular fashion to higher numbers (A. C. Groth, J 
Mol Biol 335, 667 (2004)). Recombinases can also be 
mutagenized to have altered site preferences orthermostabili 
ties, allowing for increased diversity to create our synthetic 
gene circuits (F. Buchholz, Nat Biotechnol 16,657 (1998); M. 
Hartung, J Biol Chem 273,22884 (1998); S. W. Santoro, Proc 
Natl AcadSci USA99, 4185 (2002)). 

To test the modularity and functionality of the genetic 
counter, we designed a two-stage counter with P-FRT 
P-RBS-flpe-ssrA-Term-FRT-RBS-gfp on a pBAC 
plasmid. Without any inducers, GFP fluorescence was mini 
mal. When transcription from P, was induced with 400 
ng/mL anhydrotetracycline. Hp, was expressed, resulting in 
an inversion event and resultant DNA containing P 
FRT-Term-flip-SSrA-RBS-1 inv-pro-FRT-RBS-gfp. 
Upon addition of arabinose, GFP fluorescence was induced, 
demonstrating that the circuit is able to count to two, where 
two is defined as anhydrotetracycline (aTc) followed by ara 
binose. Note that the addition of a Tc alone, arabinose alone, 
or arabinose followed by a Tc produced no GFP output. 
We tested the ability to count from Zero to three by placing 

loxP-P, -RBS-cre-ssrA-Term-loxP-RBS-gfp down liacCoia 
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stream of Po-FRT-P-RBS-flip-SSrA-Term-FRT. In 
the presence of a Tc and arabinose followed by IPTG, the 
circuit counted to three and therefore expressed a high GFP 
fluorescence. In the presence of no inducer, aTc alone, arabi 
nose alone, or IPTG alone, the circuit did not count to three 
and had a low fluorescence. In the presence of aTc followed 
by arabinose, aTc followed by IPTG, and arabinose followed 
by IPTG, the circuit did not count to three and had a low 
fluorescence. These results demonstrate that the counter can 
count events in a defined order and is not activated by any 
unintended sequence of inputs. 

In order to make the genetic counter more user-friendly and 
allow a global reset to Zero, inverted promoters could be 
placed in between each counting unit. In the presence of an 
inducer, each flipped counting unit could be reset by driving 
expression of the recombinases with the inverted promoters. 
In this initial embodiment, the counter counts pulses of dif 
ferent inducers. However, the counter could be modified in a 
straightforward way to count multiple events of the same 
inducer by replacing all the different promoters with the same 
promoter. 
The genetic circuit described herein is a modular, daisy 

chained counter built with individual counting units. In one 
embodiment of this design, the maximum number which can 
be counted is linearly proportional to the number of counting 
units, n. In other embodiments, this system can be readily 
extended with more Sophisticated designs to count in binary, 
allowing the maximum countable number to be 2'-1. 
We designed the engineered nucleic acid-based circuits for 

use as genetic counters using DNA-based Switches instead of 
protein-based systems for several reasons. An example of 
protein-based memory which could be cascaded to create a 
counter is the toggle switch (T. S. Gardner, Nature 403,339 
(2000)). The toggle switch requires well-characterized 
repressors to work properly and is thus more complicated 
than the design presented herein. Each of the individual 
counting units requires only a single recombinase whereas 
protein-based switches utilize two proteins (T. S. Gardner, 
Nature 403, 339 (2000)). The DNA-based design can be 
extended readily in a modular fashion with currently known 
components. Furthermore, the DNA-based system can be 
used across long time scales without needing to maintain 
active transcription and translation of the circuit because the 
circuit is stable in the absence of inducers. 

In one embodiment, the design is a cis-based counting 
system that requires physical proximity of individual count 
ing units for counting transitions. In other embodiments, fur 
ther functionality, including digital-logic-based computation, 
is incorporated by adding trans-acting components for cou 
pling to other circuits (K. Rinaudo, Nat Biotechnol 25, 795 
(2007)). In a non-limiting example, the gfp output gene can be 
replaced by other proteins, such as transcription factors, tran 
Scriptional repressors, or RNAS, such as riboswitches in 
prokaryotic and mammalian cells as well as short-hairpin 
RNAs in mammalian cells (F. J. Isaacs, Nat Biotechnol 22, 
841 (2004)). In other embodiments, the counter can be 
coupled to quorum-sensing circuits to create a consensus 
based counting system. 
The ability to count inputs in individual cells can be useful 

for engineering biological organisms and performing basic 
Scientific experiments. For example, in some embodiments, 
engineered bacteria can be designed to count exposures to 
environmental agents and trigger an output only when a dis 
crete threshold has been reached. A yeast cell-cycle counter 
has been developed to facilitate cell-cycle research (C. M. 
Ajo-Franklin, Genes Dev 21, 2271 (2007)). Mammalian cells 
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that carry counters can help elucidate the sequence and num 
ber of mutations needed to produce cancer cells. 
One strength of our design lies in its simplicity, modularity, 

and extensibility with different recombinase proteins. There 
fore, it can be used in different designs to create basic digital 
logic in cells. For example, in one embodiment, the counter 
described herein is essentially an AND gate that enforces a 
particular sequence of inputs. The individual modular units 
used in the genetic counter can be decoupled to each represent 
a single bit in an engineered memory system rather than a 
counter. A pulse generator for the generation of transcrip 
tional pulses can also be readily designed by modifying indi 
vidual modular units to perform inversion events continu 
ously. 
One issue with counters which utilize transcription as an 

input is that they will not be able to easily distinguish between 
one pulse and multiple separate pulses. For example, if the 
counteris modified so it works with a single promoter, Such as 
P., which is arabinose-inducible, then a long single pulse 
will eventually flip all of the stages in the counter and result in 
an output. Three separate pulses may cause the same effect as 
well. The main reason for this issue is that circuits which use 
transcription to generate proteins to perform counting (Such 
as a recombinase protein to flip a DNA sequence) respond to 
pulse duration rather than the transition from no inducer to 
inducer present. 

In order to allow counters to recognize edge transitions, or 
binary operations, such as 0 to 1 or 1 to 0, a circuit has been 
developed, that can be placed into cells along with a counting 
circuit. Essentially, the synthetic pulse generator created 
allows a burst of transcription to take place before shutting 
down all transcription, thus allowing step transitions in 
inducer level to produce pulses of transcription rather than 
constant transcription. The synthetic pulse generator is com 
posed of an inducible promoter that is the same promoter the 
counter circuit uses. Some non-limiting examples of promot 
ers include Paulo, Piero, and Pio, or, alternatively, what 
ever synthetic circuit one wants to generate pulses of tran 
Scription for. This promoter drives expression of a repressor 
that Suppresses its own transcription, thus forming a negative 
feedback loop. For optimal performance, in one embodiment, 
the repressor is a non-inducible repressor. 
Upon addition of the appropriate inducer, the synthetic 

counter circuit begins to transcribe its genes. However, at the 
same time, the synthetic pulse generator produces repressor 
protein that Suppresses transcription from the inducible pro 
moters in the synthetic pulse generator or the synthetic 
counter. Eventually, enough repressor protein is produced 
that transcription from the inducible promoters is shut down, 
even in the presence of inducer. In one embodiment, a non 
inducible repressor is used such that the shutting down of 
transcription is absolute. In a non-limiting example, non 
inducible AraC proteins have been created (Mutational 
Analysis of Residue Roles in AraCFunction, Jennifer J. Ross, 
Urszula Gryczynski and Robert Schleif, J. Mol. Biol. (2003) 
328, 85-93) and (Hemiplegic Mutations in AraC Protein, 
Wendy L. Reed and Robert F. Schleif, J. Mol. Biol. (1999) 
294, 417-425). These non-inducible AraC proteins could be 
used in the synthetic pulse generator with inducible promoter 
P. Non-inducible versions of TetRand Lad are also avail 
able. 

Eventually, the inducer is withdrawn and the repressor 
protein degraded in order to allow transcription from the 
inducible promoters during the next addition of inducer. This 
therefore generates pulses of transcription from the inducible 
promoters and requires that inducer be withdrawn for addi 
tional pulses to be generated. Thus, this circuit is a synthetic 
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pulse generator that can work with a broad range of other 
synthetic circuits to provide pulse generation and edge detec 
tion. 

Example 2 

Synthetic gene networks can be constructed to emulate 
digital circuits and devices, giving one the ability to program 
and design cells with some of the principles of modern com 
puting. A counter is one such device that results in a new type 
of memory and allows for complex synthetic programming 
and novel behaviors. Here, we describe two complementary 
synthetic genetic counters in E. coli that can count multiple 
induction events, shown herein for three events, the first com 
prised of a riboregulated transcriptional cascade and the sec 
ond of a recombinase-based cascade of memory units. The 
modularity of these devices permit counting of varied user 
defined inputs over a range of frequencies and their open 
ended architectures provide potent biotechnology platforms 
for counting higher numbers. 
A counter is a device that retains memory of events or 

objects, representing each number of such as a distinct state. 
A key component in digital circuits and computing, counters 
can also be useful for cells, which often must have accurate 
accounting of tightly controlled processes or biomolecules in 
order to effectively maintain metabolism and growth. Count 
ing mechanisms have been reportedly found in telomere 
length regulation (S. Marcandet al., Science 275,986 (1997); 
A. Ray and K. W. Runge, Mol Cell Biol 19, 31 (1999) and cell 
aggregation (D. A. Brock, R. H. Gomer, Genes Dev 13, 1960 
(1999)), but these system behaviors appear to be the result of 
a thresholding effect in which some critical molecule number 
or density must be reached for the observed phenotypic 
change. 
The first type of counter we developed, termed the Ribo 

regulated Transcriptional Cascade (RTC) Counter, is based 
on a transcriptional cascade with additional translational 
regulation. The RTC counters represent each number with a 
unique expression profile, truly counting their inputs, and we 
have illustrated two such cascades that can count up to 2 and 
3, respectively. For the RTC 2-Counter, the constitutive pro 
moter P, drives transcription of T7 RNA polymerase 
(RNAP), whose protein binds the T7 promoter and tran 
scribes the downstream gene, in this case Green Fluorescent 
Protein (GFP) (B. P. Cormacket al., Gene 173, 33 (1996)). 
Both genes are additionally regulated by riboregulators (F. J. 
Isaacs et al., Nat Biotechnol 22, 841 (2004)), whose cis and 
trans elements silence and activate post-transcriptional gene 
expression, respectively. The cis-repressor sequence is placed 
between the transcription start site and the ribosome binding 
site (RBS), and its complementarity with the RBS causes a 
stem-loop structure to form upon transcription. This second 
ary structure prevents binding of the RBS by the 30S riboso 
mal subunit, inhibiting translation. A short, trans-activating, 
noncoding RNA (taRNA) driven by the arabinose promoter 
P. binds to the cis-repressor in trans, relieving RBS repres 
sion and allowing translation. With this riboregulation, each 
node in the cascade requires both independent transcription 
and translation for protein expression and is thus AND-gated. 
This cascade is able to count brief arabinose pulses by 
expressing a new protein species in response to each pulse. 
With cis-repressed T7 RNAP mRNAs in the cell, the first 
pulse of arabinose drives a short burst of taRNA production 
and consequently expression of T7 RNAP proteins. At the end 
of the pulse, arabinose is removed from the cell environment, 
intracellular arabinose and taRNA are metabolized, and 
expression of protein halts. The T7 RNAP proteins that have 
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been made go on to transcribe cis-repressed GFP transcripts, 
but few GFP proteins are made until the next arabinose pulse 
is delivered and translation is once again fully activated. 
We built the RTC 2-Counter construct on a high copy 

plasmid and transformed it into E. coli strain K-12pro. Cells 
containing this construct were pulsed with inducer, and mean 
fluorescence over time was measured. As expected, unin 
duced cells show no increase in mean fluorescence while cells 
that received either the first or second pulse show only small 
increases, indicating some degree of leakage—an effect in 
which the intended protein is expressed in each arabinose 
pulse but also some unintended, downstream proteins are 
expressed as well. Cells that received both arabinose pulses 
show a significant increase in fluorescence when the second 
pulse is delivered, precisely when the cells are expected to 
express GFP proteins. With concentrations of GFP protein 
Switching from low to high as a result of a second pulse, we 
represent the number 2 in this case with GFP protein. 

To extend the RTC counter's capability to count to three, 
we built a second synthetic construct, the RTC 3-Counter, 
again with GFP as the quantitative readout. It is similar to the 
RTC 2-Counter but has three nodes in the cascade instead of 
two. T7 RNAP is the gene at the first node driving transcrip 
tion of T3 RNAP, which in turn drives transcription of GFP. 
All transcripts are likewise cis-repressed with the same ribo 
regulator sequence. When pulsed with arabinose, this counter 
primarily produces T7 RNAP proteins during the first pulse, 
T3 RNAP proteins during the second pulse, and GFP proteins 
during the third pulse. 
Our experimental results demonstrate that fluorescence 

increases Substantially only when all three arabinose pulses 
are delivered. Flow cytometry measurements show this 
increase beginning at precisely the time of the third pulse, and 
the considerable slope at this juncture Suggests that cells 
contain a high concentration of cis-repressed GFP transcripts 
ready for trans-activation. The data also reveal slight leakage 
in cells that are pulsed only once or twice, but their fluores 
cence remains comparatively low. This result, in combination 
with the RTC 2-Counter evidence, shows that the temporal 
progression of RNA and protein species logically predicted 
by our counter network architecture design is indeed respon 
sible for the observed effect. 
To further Support these results, we constructed and ana 

lyzed a mathematical model based on the design of the RTC 
2-Counter and 3-Counter constructs. This model, with fitted 
parameters, was able to match both the RTC 2-Counter and 
3-Counter experimental results. We used the model to inves 
tigate the effects of pulse frequency and pulse length on the 
performance of the RTC 3-Counter and guide our experimen 
tal search for optimal combinations. The mathematical model 
predictions, shown as contour lines, indicate that maximum 
expression occurs with pulse lengths of approximately 20 to 
30 minutes and pulse intervals of 10 to 40 minutes. The 
absolute difference in fluorescence after three pulses and two 
pulses is described, with optimal counting behavior requiring 
similar pulse length and interval combinations noted above. 

Experimentally, we sampled various pulse lengths and 
intervals, plotting these results as circles. These results are 
consistent with the model predictions across a wide range of 
temporal conditions, and confirm that the RTC 3-Counter has 
a sizeable temporal region in which its counting behavior is 
robust. Within this region, the counter is also capable of 
counting irregular pulses; for example, it is able to distinguish 
between two short pulses followed by a long pulse and two 
long pulses, as predicted by the model. However, when pulse 
length or frequency is either too high or low the RTC 
3-Counter is unable to count properly due to the intrinsic 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

164 
kinetic limits of the biochemical processes involved. Such as 
transcription and mRNA degradation. 
Our second counter design, termed the DNA Invertase 

Cascade (DIC) Counter, is built by daisy-chaining modular 
DNA-based counting units (FIG. 1A). The DIC Counter uti 
lizes recombinases, such as cre and flp F. Buchholz, et al., 
Nat Biotechnol 16, 657 (1998)), which can invert DNA 
between two oppositely-oriented cognate recognition sites, 
such as loxP and FRT, respectively. 

Recombinases have been used for numerous applications, 
including the creation of gene knockouts, solving sorting 
problems, and constructing inheritable genetic memory (A. 
C. Groth, M. P. Calos, J Mol Biol 335, 667 (2004); T. S. Ham, 
et al., Biotechnol Bioeng 94, 1 (2006); and K. A. Haynes et al., 
J Biol Eng 2, 8 (2008)). In our counter design, each recom 
binase gene (rec) is downstream of an inverted promoter 
(P), fused to an SSrA-based tag that causes rapid protein 
degradation (J. B. Andersen et al., Appl Environ Microbiol 
64, 2240 (1998)), and followed by a transcriptional termina 
tor (Term) (FIG. 1A, FIG. 2A, and FIG.3). The P-rec-ssrA 
Term DNA sequences are placed between recombinase rec 
ognition sites (R, and R.), forming a single counting unit 
which we have named a Single Invertase Memory Module 
(SIMM) (FIG. 1A and FIG.3). Upon expression of recombi 
nase by an upstream promoter, the entire SIMM is inverted 
between the recognition sites, representing the flipping of a 
digital bit. Due to the inverted orientation of the recombinase 
gene with respect to the upstream promoter, further expres 
sion of recombinase protein ceases and DNA orientation is 
fixed. 
To maximize the atomicity of DNA inversion events, we 

placed our counting circuits on pBAC plasmids that are main 
tained as single-copy episomes (D. A. Wright et al., Nat 
Protoc 1, 1637 (2006)). We developed a single-inducer DIC 
2-Counter (FIG. 4) and 3-Counter (FIG. 1A and FIG. 5), 
which are composed of one and two SIMMs, respectively. 
These circuits utilize P. So that pulses of arabinose consti 
tute inputs to the circuit. Each pulse of arabinose results in 
promoter activation and expression of the next recombinase 
in the cascade, which then inverts the SIMM in which it is 
located. This allows the inverted promoter contained within 
that SIMM to be placed in an upright orientation to drive 
expression of the next SIMM stage. The single-inducer DIC 
2-Counter shows high GFP output after two pulses of arabi 
nose and only low GFP output after one pulse of arabinose, 
demonstrating that a single SIMM can be inverted to count 
events (FIG. 6). In the single-inducer DIC 3-Counter, some 
premature flipping of the cre-based SIMM did occur, result 
ing in a small amount of leakage, e.g., fluorescence increased 
after only two arabinose pulses (FIG. 1B and FIG. 7). How 
ever, this leakage was small compared to the high GFP output 
obtained after three pulses of arabinose (FIG. 1B). In order to 
probe the temporal characteristics of the single-inducer DIC 
3-Counter, we varied the pulse lengths and intervals, calcu 
lating the ratio of GFP output for cells exposed to three versus 
two pulses of arabinose (FIG. 1C). This ratio was at least 1.5 
for most conditions tested, demonstrating that the single 
inducer DIC 3-Counter is able to successfully count pulses 
whose lengths and intervals range from 2 to 12 hours (FIG. 
1C). 
We also developed a multiple-inducer DIC 3-Counter by 

replacing the P. promoters in the single-inducer DIC 
3-Counter with the inducible promoters PLtetO-1, P., and 
P., (FIG. 2A and FIG. 8). These promoters respond to 
anhydrotetracycline (aTc), arabinose, and isopropyl B-D-1- 
thiogalactopyranoside (IPTG), respectively (FIG. 2A). When 
exposed to aTc followed by arabinose followed by IPTG, the 






























































































































































































































































































































































































